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INTERPRETATION OF PERFORMANCE NUMBERS 


Students should record their Performance Number for each program, along with the 
name of the program, and turn it in to the instructor. The Performance Number for 


each program is decoded as described in the following pages. 


The official site for the distribution of the modules is 
http://www.engin.umich.edu/~cre/icm 


Please report problems to icm.support @umich.edu. 


Performance Number Interpretation: CRE modules 
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ICMs with Windows? interface 


Module Format Interpretation Example 
KINETIC CHALLENGE I 
CzBzzAzz Score = 1.5 * AB.C Perf. No. = 75241692 
z = random numbers Score = 1.5*(62.7) = 94 % 


Note: 75% constitutes mastery. 


KINETIC CHALLENGE П 
CzBzzAzz Score = 2.0 * AB.C Perf. No. = 03776467 
z = random numbers Score = 2.0*(47.0) = 94 % 
Note: 75% constitutes mastery. 
MURDER MYSTERY 
77472, A even: Killer and victim Perf. No. = 50732 
correctly identified Score: No credit 
A odd: Killer and victim 
not identified 
2 = random numbers 
Note: Àn even number for the middle digit constitutes mastery. 
TIC TAC TOE 
zDzCzBzA Score = 4.0 * AB.C Perf. No. = 77803581 


2 = тапдот numbers Score = 4*(15.0) = 60 
configuration 7 completed 


Configurations 


Note: Student receives 20 points for every square answered correctly. 
А score of 60 is needed for mastery of this module. 


GREAT RACE 


ZzzzCzABz Score = 6.0 * AB.C Perf. No. 2 77738078 
z = random numbers Score = 6%(07.3) = 44 


Note: А score of 40 is needed for mastery of this module. 


Performance Number Interpretation: CRE modules 
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ECOLOGY 


AzBCzaaD 7. = random numbers 
а = random characters 


A gives info on r^2 value of the student's linearized plot 

A=Y if 12 >= 0.9 

A=A if 0.9 > г^2 >= 0.8 

A=X if 0.8 >142 >= 0.7 

A=F if 0.7 > г^2 

A=Q if Wetland Analysis/Simulator portion has not been completed 


B gives info on alpha 

B=1 to 4 => student's alpha < (simulator's alpha + 0.5) 

B=5 to 9 => student's alpha > (simulator's alpha + 0.5) 

B=X if Wetland Analysis/Simulator portion has not been completed 


C indicates number of data points deactivated during analysis 

C=number of deactivated data points if at least 1 point has been deactivated 
C=a randomly generated letter from A to Y if 0 points deactivated 

C=Z if Wetland Analysis/Simulator portion has not been completed 


D gives info on solution method used by student 

D=1 if polynomial regression was used 

D=2 if differential formulas were used 

D=3 if graphical differentiation was used 

D=4 to 9 if Wetland Analysis/Simulator portion has not been completed 


Perf No. = A7213DF2 

1) А => 0.9 > 12 >= 0.8 

2) 2 => student's alpha < (simulator's 
alpha + 0.5) 

3) 1 => one data point was 
deactivated 

4) 2 => differential formulas were 
used 


STAGING 
ZCBzAFzED 7 = random numbers Perf. No. = 2125482913 


Final conversion = 2*AB.C conversion = 2*42.1 = 84.2 
Final flow rate = 2*DE.F flow rate = 2*31.2 = 62.4 


Please make a pass/fail criterion based on these values. 
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ICMs with Dos? interface 


Interpretation 


А=2,3,5,7: interaction done 

В=2,3,5,7: intro done 

С=2,3,5,7: review done 

D denotes how much they 
did in the interaction: 


D«2 Not done 

2 « D:5 4 Dependences 

4 < D:5 6 Parameter values 
6«D Mechanism 

2 = random numbers 


Example 


Perf. No. = 8027435 

А: Worked on interaction 

B: Looked at intro 

C: Looked at review 

D: found parameter values, 
didn't find mechanism 


Note: Performance number given only if student goes through the 


interaction portion of the module 


Perf. Мо. = 53607 
Score > 85 90 


А even: score > 85 % 
z = random numbers 


Note: Student told they have achieved mastery if their score is greater than 


Module Format 
HETCAT 
ZzABzCD 
HEATFX1 
27472 
85% 
HEATFX2 


Perf. No. = 407582 
Interaction not completed 


A even: completed interaction 
z = random numbers 


ZZZAZZ 


Note: Performance number given only if student goes through the 
interaction portion of the module. 
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Solutions for Chapter 1 – Mole Balances 


DENEN MM ини 


Synopsis 


General: The goal of these problems are to reinforce the definitions and provide an understanding of the 
mole balances of the different types of reactors. It lays the foundation for step 1 of the algorithm in Chapter 


P1-3. 


P1-4. 


P1-5. 


P1-6. 


Р1-7. 


Р1-8. 


This problem helps the student understand the course goals and objectives. 
Part (d) gives hints on how to solve problems when they get stuck. Encourages 
students to get in the habit of writing down what they learned from each chapter. 


It also gives tips on problem solving. 


Helps the student understand critical thinking and creative thinking, which are 
two major goals of the course. 


Requires the student to at least look at the wide and wonderful resources 
available on the CD-ROM and the Web. 


Тће ICMs have been found to be a great motivation for this material. 

Uses Example 1-1 to calculate a CSTR volume. It is straight forward and gives 
the student an idea of things to come in terms of sizing reactors in chapter 4. An 
alternative to P1-15. 


Straight forward modification of Example 1-1. 


Helps the student review and member assumption for each design equation. 


P1-9 and P1-10. The results of these problems will appear in later chapters. Straight 


P1-11. 


P1-12. 


forward application of chapter 1 principles. 


Straight forward modification of the mole balance. Assigned for those who 
emphasize bioreaction problems. 


Can be assigned to just be read and not necessarily to be worked. It will give 
students a flavor of the top selling chemicals and top chemical companies. 


Р1-13. 


Р1-14. 


Р1-15. 


Р1-16. 


P1-17. 


P1-18. 


Will be useful when the table is completed and the students can refer back to it 
in later chapters. Answers to this problem сап be found on Professor Susan 
Montgomery's equipment module on the CD-ROM. See P1-17. 


Many students like this straight forward problem because they see how CRE 
principles can be applied to an everyday example. It is often assigned as an in- 
class problem where parts (a) through (f) are printed out from the web. Part (g) 
is usually omitted. 


Shows a bit of things to come in terms of reactor sizing. Can be rotated from 
year to year with P1-6. 


Open-ended problem. 
I always assign this problem so that the students will learn how to use 
POLYMATH/MaLab before needing it for chemical reaction engineering 


problems. 


Parts (a) and (b) are open-ended problem. 


P1-19 and P1-20. Help develop critical thinking and analysis. 


CDP1-A Similar to problems 3, 4, 11, and 12. 
CDP1-B Points out difference in rate per unit liquid volume and rate per reactor 
volume. 
Summary 
Assigned Alternates Difficulty Time (min) 

€ Р1-1 AA SF 60 
P1-2 I SF 30 
€ Р1-3 О SF 30 
Р1-4 О SF 30 
P1-5 AA SF 30 
P1-6 AA 1-15 SF 15 
P1-7 I SF 15 
© Р!-8 S SF 15 
Р1-9 5 SF 15 
Р1-10 5 SF 15 
P1-11 O FSF 15 
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Р1-12 1 — Read Only SF 30 
P1-13 I SF 1 
P1-14 О FSF 30 
Р1-15 О ЗЕ 60 
Р1-16 5 SF 15 
€ Р1-17 АА SF 60 
P1-18 S ЗЕ 30 
Р1-19 6) -- 30 
Р1-20 O FSF 15 
CDP1-A AA FSF 30 
CDP1-B I FSF 30 
Assigned 


• = Always assigned, AA = Always assign one from the group of alternates, 
O = Often, I = Infrequently, S = Seldom, G = Graduate level 


Alternates 
In problems that have a dot in conjunction with AA means that one of the 
problem, either the problem with a dot or any one of the alternates are always 
assigned. 


Time 
Approximate time in minutes it would take a B/B* student to solve the problem. 


Difficulty 
SF = Straight forward reinforcement of principles (plug and chug) 
FSF - Fairly straight forward (requires some manipulation of equations or an 
intermediate calculation). 
IC = Intermediate calculation required 
M = More difficult 
OE - Some parts open-ended. 


"Note the letter problems are found on the CD-ROM. For example A = СОР1-А. 


Summary Table Ch-1 


Review of Definitions and Assumptions 1,5,6,7,8,9 


"-————— MA ———————————————Üi€ 


Introduction to the CD-ROM 
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Make a calculation 


Open-ended 


P1-1 Individualized solution. 
P1-2 Individualized solution. 
P1-3 Individualized solution. 
Р1-4 Individualized solution. 
P1-5 Solution is in the decoding algorithm given with the modules. 


P1-6 
The general equation for a CSTR is: 
Ело — Ё 


у= 


Неге гд is the rate of a first order reaction given by: 
ra = - КСА 


Given : C4 = 0.1C4o , k = 0.23 шиг, vo = 10dm? min, Ед = 5.0 mol/hr 
And we know that F4 = Сам, and Едо = Caovo 

=> Сло = Fao/ Vo = 0.5 mol/dm? 

Substituting in the above equation we get: 


у = Слоуа 7 Сл» _ (0-5mol / dm" Пат? / min) -0.1(0.5то1/ дт” )(10dm" / min) 


kC, (0.23 min ™)(0.1(0.5mol / ат?)) 
У = 391.3 йт? 
P1-7 
МА 
қ 1 
Es ЛЫГ... А 
-k NA 
Nap 
к= 0.23 тіп”! 
dNA 
From mole balance: EON = ГА V 
t 


Rate law: -rA 7 k-CA 


NA 
eiim эх 
A V 
Combine: 
dN 
А 
—— = -kN 
dt А 
t NA 
1 1 
т=0 | і4--- — dNA 
0 k, NA 
МАО 
at T = 0, Мао = 100 mol and 7 = 7, № = (0.01)Мло 
У := 2n Мю 
k (N, 
= _1_(100) min {= 20 min 
0.23 


er a e a € aa: € ———— M ——MM HQ MÀ M —— 


a) The assumptions made in deriving the design equation of a batch reactor are: 
- Closed system: no streams carrying mass enter or leave the system. 
- Well mixed, no spatial variation in system properties 
- . Constant Volume or constant pressure. 


b) The assumptions made in deriving the design equation of CSTR, are: 


- Steady state. 
- . No spatial variation in concentration, temperature, or reaction rate throughout the vessel. 


с) The assumptions made in deriving the design equation of РЕК are: 
- Steady state. 
-  Noradial variation in properties of the system. 


d) The assumptions made in deriving the design equation of PBR are: 
- Steady state. 
- No radial variation in properties of the system. 


e) For a reaction, 
A> В 
-ra is the number of moles of A reacting (disappearing) per unit time per unit volume [=] moles/ 
(dm/.s). 
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-r4' is the rate of disappearance of species A per unit mass (or area) of catalyst [=] moles/ (time. 
mass of catalyst). 

ТА’ is the rate of formation (generation) of species А per unit mass (or area) of catalyst [=] moles/ 
(time. mass catalyst). 

-Гд 18 an intensive property, that is, it is a function of concentration, temperature, pressure, and the 
type of catalyst (if any), and is defined at any point (location) within the system. It is independent 
of amount. On the other hand, an extensive property is obtained by summing up the properties of 
individual subsystems within the total system; in this sense, -r is independent of the ‘extent’ of the 
system. 


P 1-9 

Rate of homogenous reaction r4 is defined as the mole of A formed per unit volume of the reactor per 
second. It is an Intensive property and the concentration, temperature and hence the rate varies with spatial 
coordinates. 


7 on the other hand is defined as 2 mol of A reacted per gm. of the catalyst per second. Here mass of 


catalyst is the basis as this is what is important in catalyst reactions and not the reactor volume. 


Applying general mole balance we get: 


dN, 
шы ил ла 


No accumulation and no spatial variation implies 


Also ту = ppt; and W = Ур, where py is the bulk density of the bed. 


= б=(Е„-Еу)+ [" (ау) 


Hence the above equation becomes 


We can also just apply the general mole balance as 


М, | 
= (Е-Е) + fraw) 


dt 
Assuming no accumulation and no spatial variation in rate, we get the same form as 
above: 
W= Е ую Ё 
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Р1-10 


Mole balance on species j is: 


ам 


j 


V 
Fa- Е, + |r,dV = 
1 Ј р dt 


Let M , = molecular wt. of species j 


Then F jo. M j = Wjg = mass flow rate of j into reactor: 


N,M , = m, = mass of species j in the reactor 
Multiplying the mole balance on species j by M j 


у ам 
FAM, -F,M, +M, [rav =M, 


0 


1 


Коу М j is constant: 


“м ray МА). dem) 
Е.М, АЈА age 


5 ат, 
Wig - У, + Mos a 


P1-11 
Applying mole balance to Penicillin: Penicillin is produced in the cells stationary state (See Chapter 7), so 
there is no cell growth and the nutrients are used in making product. 


Let’s do part c first. 
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| 
| 
i 
| 
H 
i 
| 
| 


[In flowrate (moles/time)] penicinin + [generation rate (moles/time)]penicitin — [Out flowrate (moles/time)] 


penicillin = [rate of accumulation (moles/time) ]penicinin 


аМр 
Fin + С, E Ерош = PUE 
Ер = б... (because no penicillin inflow) 
V 
G = | ау 
Therefore, 
! dNp 


fr, dV - Бри = —— 


Assuming steady state for the rate of production of penicillin in the cells stationary state, 


P1-12 (a) 
Ranking of 10 most produced chemicals in 1995 and 2002 are listed in table below: 


Rank 2002 


> Chemicals like H; , P205 , С:Н:С1, has come in top 10 chemicals and C3Hg has jumped to rank 
5 now then rank 9 in 1995. 


P1-12 (b) 
Ranking of top 10 chemical companies in sales in year 2003 and 2002: 


Company Chemical Sales 
($ million 2003) 


Dow Chemical 


ExxonMobil 
General Electric 


Chevron Phillips 
Huntsman Corp. 
PPG Industries 
Equistar Chemicals 
Air Products 


ho 


source: Chemical and Engineering News may 17,2004 


“> We have Chevron Phillips which jumped to 5 rank in 2003 from 8" rank in 2002 and Air 
Products coming to 9th rank in 2003 from 11* in 2003. 

Э Chemical sales of each company has increased compared to year 2002 from 9%(Eastman 
Chemical) to28.2%(Chevron Phillips) but Huntsman Corp. has a decrease by 2.9%. 


P1-12 (c) 
Sulfuric acid is prime importance in manufacturing. It is used in some phase of the manufacture of nearly all 
industrial products .It is used in production of every other strong acid. Because of its large number of uses, 
it's the most produced chemical. Sulfuric acid uses are: 
У t is consumed in production of fertilizers such as ammonium sulphate (NH4)2SO,4 and 
superphosphate (Са(Н,РО,)›) , which is formed when rock phosphate is treated with sulfuric acid. 
=> Used as dehydrating agent. 
> Used in manufacturing of explosives, dyestuffs, other acids, parchment paper, glue , purification 
of petroleum and picking of metals. 
Э Used to remove oxides from iron and steel before galvanizing or electroplating. 
=> Used in non-ferrous metallurgy, in production of rayon and film. 
=> аѕ laboratory reagent and etchant and in storage batteries. 
У It is also general purpose food additive. 


P1-12 (d) Annual Production rate of ethylene for year 2002 is 5.21x 107? Ib/year 
Annual Production rate of benzene for year 2002 is 1.58 x 109 Ib/year 
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Annual Production rate of ethylene oxide for year 2002 is 7.6 x10? Ib/year 


P1-12 (e) Because the basic raw material ‘coal and petroleum’ for organic chemicals is very limited and 
their production is not increasing as production of raw material for inorganic chemicals. 
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Characteristics 


АП the reactants 
fed into the 
reactor. During 
reaction nothing 
is added or 
removed. Easy 
heating or 
cooling. 


Phases 


1. Liquid 
phase 

2. Gas 
phase 

3. Liquid 
Solid 


1. Small scale 
pdn. 

2. Used for lab 
experimentation. 
3. 
Pharmaceuticals 
4. Fermentation 


Continuous flow 
of reactants and 
products. 
Uniform 
composition 
throughout. 


One long reactor 
or number of 
CSTR's in 
series. 

No radial 
variations. 

Conc. changes 
along the length. 


1. Liquid 
phase 

2. Gas – 
liquid 

3. Solid - 
liquid 


1. 
Primarily 
gas Phase 


1. Used when 
agitation required. 
2. Series 
Configuration 
possible for 
different 
configuration 
streams 


1. Large Scale 
pdn. 

2. Fast reactions 
3. Homogenous 
reactions 

4. Heterogeneous 
reactions 

5. Continuous 
pdn. 


Tubular reactor 
that is packed 
with solid 
catalyst 
particles. 


1. Gas 
Phase 
(Solid 
Catalyst) 
2.Gas – 
solid 
reactions. 


1. Used primarily | 
ш Ше 


heterogeneous gas 
phase reaction 
with solid catalyst 
e.g Fischer 
tropsch synthesis. 


Advantage Disadvantage 


1. High 
Conversion per 
unit volume. 

2. Flexibility of 
using for 
multiple 
reactions. 

3. Easy to clean 
1. Continuous 
Operation. 
2.Good 
Temperature 
Control 

3. Two phase 
reactions 
possible. 
4.Good Control 
5. Simplicity of 
construction. 

6. Low 
operating cost 
7. Easy to clean 
1. High 
conversion per 
unit volume 

2. Easy to 
maintain (No 
moving parts) 
3. low 
operating cost 
4. continuous 
operation 

1. High 
conversion per 
unit mass of 
catalyst 

2. low 
operating cost 
3. Continuous 
operation 


1. High 
Operating 
cost. 

2. Variable 
product 
quality. 


1. Lowest 
conversion 
per unit 
volume. 

2. By passing 
possible with 
poor 
agitation. 

3 High power 
Input reqd. 


1. Undesired 
thermal 
gradient. 

2. Poor 
temperature 
control 

3. Shutdown 
and cleaning 
expensive. 


1. Undesired - 
thermal 
gradient. 

2. Poor 
temperature 
control 

27 
Channeling 
4. Cleaning 
| expensive. _ 


| 
| 
| 
| 
H 
| 
| 
| 
| 
i 
| 
i 
| 
| 
| 
i 
| 
| 
! 
| 
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Сїмеп 
A -2*10" ft? Тар = 491.69R 
V =4*10" ff? T=534.7°R 
3 
R - 07302 Л 
фто R уд= 0.02 
С = 4*10? cars 


Ес = CO in Santa Ana wind 


f 
у, = 3000— рег car at STP 
h 


r 
P1-14 (a) 
Total number of ib moles gas in the system: 
Pg V 
(RT 
x(Ax10P f? 
= 1 ) = 1.025 x 10" Ib mol 
0.73.07 | 534 бор 
lbmol.R 
P1-14 (b) 
Molar flowrate of CO into L.A. Basin by cars. 
у СР 
Ед = уБ =y '—4——9 
: RT srp 


3000 ft? _ Ито 


Е = ———=— xXx ———- x 400000 cars (See appendix B) 


hrcar 359 ft? 
Fa = 6.685 x 107 Ib mol/hr 


Р1-14 (с) 

Wind speed through corridor is у = 15mph 

W = 20 miles 

The volumetric flowrate in the corridor is 

Vo = v. W.H = (15x5280)(20x5280)(2000) ft/hr 
= 1.673 х 10" f/hr 


H = 2000 ft 


Ро = latm 


C, =2.04*10° нэл 


FA = CO emission from autos 


Р1-14 (д) 
Molar flowrate of CO into basin from Sant Ana wind. 
Fg := Үр С 

= 1.673 x 105 {ли X2.04 x10 тои 
Е; = 3.412 х 10°Ibmol/hr 


P1-14 (e) 
МАРА | : AN co 
Rate of emission of CO by cars + Rate of CO by Wind - Rate of removal of CO = ae 
ас 
F, + Fe = М6, = diro (V=constant, М, = C, V) 
1 
P1-14 (f) 
t=0 Ц C, = Со 
і 27 
Ja = У | ЧС, 
0 co dd cue 
22 У Е, + Е, У Co 
Vo F, + Е, „С 
Р1-14 (2) 
Time for concentration to reach 8 ppm. 
Caine. == ie 
4 ћ 
From (f), 
" guts T Jue Vig дор 
V, F, UE aes 
3 
1 67x10: Pre! , 3 ао PL | 673x10 ff gay qos PO 
М И ћу hr hr Jt 
- $$$? mMM 
1673x102 | бло mol 3.4197 91 | 673x102 1 0.51109 Рт! 
r hr hr : 
t- 6.92 hr 
P1-14 (h) 
(0) t = 0 и =72 hrs 
С» = 2.00Е-10 Ibmol/ft а = 3.50Е+04 Ibmol/hr 
v, = 1.67Е+12 ft /hr b = 3.00Е+04 Ibmol/hr 


Е, = 341.23 Ibmol/hr У =408+13 f? 
: 1 
a + 2: + Fo - wC = V—— 
6 
Now solving this equation using POLYMATH we get plot between Ceo vs t 
See Polymath program P1-14-h-1.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 72 72 

с 2.0Е-10 2.0Е-10 2.134Е-08 1.877Е-08 
v0 1.67Е+12 1.67Е+12 1.67Е+12 1.67Е+12 
а 3.5Е+04 3.5Е+04 3.5Е+04 3.5Е404 
b 3.0Е+04 3.0Е+04 3.0Е-04 3.0Е+04 

Е 341.23 341.23 341.23 341.23 

№ 4.0Е+13 4.0Е+13 4.0E+13 4.0Е+13 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(C)/d(t) = (a+b*sin(3.14*t/6)+F-v0*C)/V 


Explicit equations as entered by the user 
[1] vO = 1.67*10^12 
[2] а= 35000 
[3] b = 30000 
[4] Е-341.23 
[5] V = 4*10^13 


3.0e-8 


2.4е-8 | 


1.8e-8 


1.2e-8 


6.0e-9 


0 16 3 48 64 80 


Q) t-48hs — F,-0 а + 216 - С, = V—— 


о 
dt 
Now solving this equation using POLYMATH we get plot between С,, vs t 
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See Polymath program P1-14-h-2.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 48 48 

с 2.0Е-10 2.0Е-10 1.904Е-08 1.693Е-08 
v0 1.67Е+12 1.67Е+12 1.67Е+12 1.67E+12 
a 3.5Е+04 3.5Е+04 3.5Е+04 3.5Е+04 

р 3.0Е+04 3.0Е+04 3.0Е+04 3.0Е+04 

V 4.0Е413 4.0Е+13 4.0Е+13 4.0Е+13 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(Cyd(t) = (a«b*sin(3.14*t/6)-vVO*C/V 
Explicit equations as entered by the user 
[1] vO = 1.67*10^12 
[2] а = 35000 


[3] b = 30000 
[4] М = 4*10^13 


2.0е-8 
1.6е-8 
1.2е-8 


8.0e-9 


4.0e-9 


(3) 


Changing a 3 Increasing ‘a’ reduces the amplitude of ripples in graph. И reduces the effect of the 


sine function by adding to the baseline. 


Changing b The amplitude of ripples is directly proportional to ‘b’. 
As b decreases amplitude decreases and graph becomes smooth. 


Changing у) As the value of vo is increased the graph changes to a “shifted 
sin-curve". And as vo is decreased graph changes to a smooth 
increasing curve. 


ААА Ас 


P1-15 (a) 
—ra-k with К = 0.05 mol/h dm? 


CSTR: The general equation is 
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Here Ca = 0.010, Vo = 10 dm?/min, F4 = 5.0 mol/hr 
Also we know that Fa = Cavo and Едо = Сло\о, Cao = Fao/ Vo = 0.5 mol/dm? 
Substituting the values in the above equation we get, 


С, — Cavo _ (0.5)10—0.01(0.5)10 


Ү-- 
К 0.05 
> У =99 dm? 
РЕК: The general equation is 
dF dC ,v 
—A=r, = К, Now Fa = Cavo and Fag = CaoVo => Е 2-0 -- 
dV dV 


Integrating the above equation we get 


vo ^ у Уо 
k C A0 0 k 

Hence V = 99 dm? 

Volume of PFR is same as the volume for a CSTR since the rate is constant and independent of 
concentration. 


P1-15 (b) 
- та = КСА with k = 0.0001 $" 


CSTR: 
We have already derived that 
ўс ан“ бин. 4615009 
"ТА КС, 


К = 0.00015! = 0.0001 x 3600 а! 0.36 hr? 


3 3 
У = (04т” /hr)(0.5mol/ ат (0.99) => У = 2750 йш? 


(0.36hr  Y(0.01* 0.5mol ат?) 


PFR: 
From above we already know that for a РЕК 
dC ,v 
4-9 =r, = КС, 
dV 
Integrating 
C V 
Vo “4 dC 
MU | pak у> | dV 
k Cao С, 0 
у, С 
0 140 = у 
Eu 


Again К = 0.00015" = 0.0001 х 3600 hr = 0.36 м" 


1-21 


Substituing the values in above equation we get 
У = 127.9 dm’ 


P1-15 (c) 
- та = КСА with К = 3 dm"/mol.hr 


CSTR: 

CaoYo Gu. ел 00D 
=r; КС, 

Substituting all the values we get 


(Зат? | hr)(0.01* 0.5mol | ат? )? 


У = 


=> У = 66000 dm? 


РЕК: 

—=— Irp,-kC 

dV A A 
Integrating 
С, У 
ү НК =- [dV Ж. e hu -y 
k Cao СА 0 k ба Cao 
10dm’ / hr 1 1 з 
=> V mM -———) = 660 dm 
Зат” /mol.hr 0.01C 4, Сл 

P1-15 (d) 
Ca = 001C о 


27 E 


A 


Constant Volume У=Уу 


"PI 


Zero order: 


1 .999C 
t=—|C,, - 0.001C,, |= 2—4 = 9.997 
k Са 2 0.05 


First order: 
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t= SS Са шат) = 69085 
К C. 0.001 7.001 
Second order: 


"TEE d -Ц дух "as | = 456^ 
К! С. Cæ] 31060005 0.5 


P1-16 individualized Solution 


P1-17 (a) 

Initial number of rabbits, x(0) = 500 
Initial number of foxes, y(0) = 200 
Number of days = 500 


dx 

di. = kx k xy ssh gets al seres инат Due hes (1) 
d 

= А намоа (2) 
Given, 

k, 2 0.02day ' 


k, = 0.00004 /(day x foxes) 

k, = 0.0004 /(day X rabbits) 

k, = 0.04day ' 

See Polymath program P1-17-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 500 

x 500 2.9626929 519.40024 
y 200 1.1285722 4099.517 
ki 0.02 0.02 0.02 

k2 4.0E-05 4.0E-05 4.0E-05 
k3 4.0Е-04 4.0Е-04 4.0Е-04 
k4 0.04 0.04 0.04 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(x)/d(t) = (k1*x)-(k2*x*y) 
(21 d(y)/d(t) = (k3*x"y)-(k4*y) 
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final value 


500 
4.2199691 
117.62928 
0.02 
4.0E-05 
4.0Е-04 
0.04 


Explicit equations as entered by the user 
[1] k1 = 0.02 
[2] К2 = 0.00004 
[3] КЗ = 0.0004 
[4] КА = 0.04 


5000 


0 100 200 300 400 500 


" rabbits 


' foxes 


Plotting rabbits Vs. foxes 


1-24 


378 720 1061 " аһ 03 1744 2086 


P1-17 (b) 
POLYMATH Results 


See Polymath program P1-17-b.pol. 


POLYMA TH Results 

NLES Solution 
Variable ___ Value __f (x) | | Ini Guess 
x 2.3850387 2 53E-11 2 
У 3.7970279 1.72Е-12 2 


NLES Report (safenewt) 


Nonlinear equations 
(1] f(x) = х 3'y-A*y^2.-3*x-1 = 0 
[2] Ку) = 6*y^2-9*x*y-5 = 0 


—MM——— M ———— M—— —— 


P1-18 (a) 


No preheating of the benzene feed will diminish. the rate of reaction and thus lesser conversions will be 
achieved. 


P1-18 (b) 

An interpolation can be done on the logarithmic scale to find the desired values from the given data. 
Now we can interpolate to the get the cost at 6000 gallons and 15000 gallons 

Cost of 6000 gal reactor = 1 905 x 1075 

Cost of 15000 gal reactor = 5 623 x 10° $ 


Cost vs Volume of reactor (log - log plot) 
Р1-18 (c) ar 


We are given СА 1s 0.196 of initial concentration 
> СА = 0 001Сло s 


1-25 log volume (gallons) 


Also from Example 1 3, 


У = Yo Сай 
у Cx 


Substituting vo = 10 dm?/min and 
k = 0.23 min’ we get 


V = 300dm? 


which is three times the volume of reactor used in Example 1-3. 


P1-18 (d) Safety of Plant. 


шах — MÀ M ÓM— M— a 


P1-19 Еппсо Fermi Problem – no definite solution 
P1-20 Enrico Fermi Problem - no definite solution 
P1-21 Individualized solution. 


СОР1-А (a) | 
How many moles of A аге in the reactor initially? What is the initial concentration of A? 

If we assume ideal gas behavior, then calculating the moles of A initially present in the reactor is quite 
simple. We insert our variables into the ideal gas equation: 


Е їиг-н 

1 101.33kPa 

АГ (вама Pt |) шн 
molK 


Knowing the mole fraction of A (Yao) is 75%, we multiply the total number of moles (N1,) by the ya: 
molesA = №, = 0.75x97.5 = 73.1 


The initial concentration of А (Сао) is just the moles of А divided by the volume: 


| =97.5moles 


= moles. = №, = ш = 0.37moles / dm? 
уоште У 200dm 

CDP1-A (b) 
Time (t) for a 17 order reaction to consume 99% of A. 

dC, 
f,——— 

^ dt 

Our first order rate law is: =r, = 567 


1 СА 
dc -k {at = | i 
mole balance: —— = -КС, => 
dt 0 с, А 


—kt =]n , knowing Сд-0.01 Ca, and our rate constant (К=0.1 min’), we can solve 
Ao 


for the time of the reaction: t = 100 1) = а А = 46.1 min 
k 0.1 min 


CDP1-A (c) 


Time for 2nd order reaction to consume 80% of A and final pressure (P) at T. = 127 С. 


rate law: =r, = КС? 


C, 
| RE EN 
C ба € 


dC, х ( 
mole balance: ".—— = -КС, -»- | dt = 
й 0 Cig А А Ао 


We can solve for the time in terms of our rate constant (К = 0.7) and our initial 
5 1 


+ 
Сы С, 


concentration (Са): —kt =— 


0 o 


Lu ee — X Ру ГЕ 8 
КС, (0.7ат | mol min )(0.37то! / ат?) 


the pressure of the reactor following this reaction, we will again use the ideal gas law. 
First, we determine the number of moles in the reactor: 


М, =N, +N; + М, + Мс =0.25N,, +0.2М,, + М; + Ме 


N; = №. =0.8N,, 
М, = (0.25)N,, + (0.2+0.8+0.8)№,, = 0.25(97.6) + (1.8)(73.2) =156.1moles 


3 
зетот) 0.082 em 27 соок) 
БЕ а “жеке, И аад t 
V 200dn? ёс 
CDP1-B 


Given: Liquid phase reaction in a foam reactor, А ?В 


Consider a differential element, AV of the reactor: 
By material balance 


Е, -(F, + AF,)  -r,0—e)AV 
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Where, (1 — е)АУ = fraction of reactor element which is liquid. 


ог: –Е, =- (l-e)AV 
dF, 
=r, (1-е 
ту А(1-е) 


Must relate (—7,) to F}, 
where, F, is the total (gas liquid) molar flow rate of A. 
—r, =rate of reaction (g mol А per cubic cm. of liquid per sec.); ё = volume fraction of gas; ЈУ, = molar 


flow rate of A (g mol/sec.); V = volume of reactor 
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Solutions for Chapter 2 - Conversion and Reactor 
Sizing 


Synopsis 


General: The overall goal of these problems is to help the student realize that if they have —rA—f(X) they 
can “design” or size a large number of reaction systems. It sets the stage for the algorithm developed in 
Chapter 4. 


P2-1. This problem will keep students thinking about writing down what they learned 
every chapter. 


Р2-2 Тін “forces” the students to determine their learning style so they can better use 
the resources in the text and on the CDROM and the web. 


P2-3. | ICMs have been found to motivate the students learning. 


P2-4. Introduces one of the new concepts of the 4" edition whereby the students 
“рїау” with the example problems before going on to other solutions. 


P2-5. This is a reasonably challenging problem that reinforces Levenspiels plots. 


P2-6. | Novel application of Levenspiel plots from an article by Professor Alice Gast at 
Massachusetts Institute of Technology in CBE. 


P2-7. | Straight forward problem alternative to problems 8, 9, and 12. 
P2-8. То be used in those courses emphasizing bio reaction engineering. 


P2-9. Тһе answer gives ridiculously large reactor volume. The point 18 to encourage 
the student to question their numerical answers. 


P2-10. Helps the students get a feel of real reactor sizes. 


P2-11. Great motivating problem. Students remember this problem long after the 
course 15 Over. 


P2-12. Alternative problem to P2-7 and P2-9. 


CDP2-A Similar to 2-9 
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CDP2-B Good problem to get groups started working together (e.g. cooperative 
learning. 


CDP2-C Similar to problems 2-8, 2-9, 2-12. 


CDP2-D Similar to problems 2-8, 2-9, 2-12. 


Р2-1 

e p22 

e p2-3 
P2-4 
P2-5 
P2-6 

e p2-7 
P2-8 
Р2-9 
Р2-10 

ө Р2-11 
Р2-12 
CDP2-A 
CDP2-B 
CDP2-C 
CDP2-D 


Assigned 


Assigned 


Summary 


Alternates 


8,9,12 


7,9,12 


7,8,9 
9,B,C,D 
9,B,C,D 
9,B,C,D 
9,B,C,D 


Difficult 


FSF 
SF 
SF 
SF 
SF 

FSF 

FSF 

FSF 

PSF 


Time (min 
15 
30 
30 
75 
75 
60 
45 
45 
45 
15 

1 
60 
5 
30 
30 
45 


€ = Always assigned, AA = Always assign one from the group of alternates, 
О = Often, I = Infrequently, S = Seldom, G = Graduate level 


Alternates 


In problems that have a dot in conjunction with AA means 


that one of the 


problems, either the problem with a dot or any one of the alternates are always 


assigned. 


Time 


Approximate time in minutes it would take a B/B* student to solve the problem. 


Difficulty 


SF - Straight forward reinforcement of principles (plug and chug) 
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FSF = Fairly straight forward (requires some manipulation of equations ог ап 
intermediate calculation). 

IC = Intermediate calculation required 

M = More difficult 

OE z Some parts open-ended. 


"Note the letter problems are found on the CD-ROM. For example А = CDPI-A. 


Summary Table Ch-2 


Straight forward 1,2,3,4,10 


Fairly straight forward 
More difficult 
Open-ended 6 


Comprehensive 4,5,6,7,8,9,12 


Critical thinking 


P2-1 Individualized solution. 
P2-2 Individualized solution. 
P2-3 Solution is in the decoding algorithm given with the modules. 


P2-4 (a) Example 2-1 through 2-3 
If flow rate Fag is cut in half. 
у! = V/2, F= FAo/2 and Cao will remain same. 
Therefore, volume of CSTR in example 2-3, 
Уу, = EX = 1 FoX = 164 =3.2 

eu. ПАВ 2 
If the flow rate is doubled, 

Е,-2БЕдо and Cao will remain same, 

Volume of CSTR in example 2-3, 
У, = F)X/-ra = 12.8 m? 


P2-4 (b) Example 2-5 


Levenspiel Plot 


0 шилж т т i 


0 02 04 06 08 1 
Conversion 


Мом, Едо = 0.4/2 = 0.2 mol/s, 


Е 
New Table: Divide each term 40 in Table 2-3 by 2. 


Iy 
06. 


Х 
[FAo/-rA (m^) 0.445 0.545 0.665 1.025 т. --2| 239 


Reactor 1 Reactor 2 
V, = 0.82m* V,232m 
У = (Едо/-гА)Х 


0.82 = ЕЗ (Х1) 
7 ТА Ууу 


By trial and error we get: 
Xi = 0.546 апа х, = 0.8 
Overall conversion Хоуегап = (1/2)X, + (1/2)Х = (0.546+0.8)/2 = 0.673 


Р2-4 (с) Ехатрје 2-6 
Now, Едо = 0.4/2 = 0.2 mol/s, 


Fao/2 хі 


E 055 


X overall XxX, = + 


4 1.61 2 


Е 
New Table: Divide each term —9- in Table 2-3 by 2. 


[07 __|08 | 


0.4 0.6 
1.025 1.77 


[FAo-ra(m) — | 0.445 
Vi 20. 551m У, = 1.614 т? 
X 
dX 
V, -F АО | 
о ТА 


Plot Б,у/-гд versus conversion. Estimate outlet conversions by computing the integral of the plotted 
function. 


Levenspiel Plot 


0.4 
Conversion 
X; = 0.603 for V, = 0.551m? Х, = 0.89 for Vz = 1.61408 | 
Overall conversion Хо = (1/2)Х, + (1/2)Х, = (0.603+0.89)/2 = 0.746 __ 


Levenspiel Plot 


P2-4 (d) Example 2-7 
(1) 
For PFR, 

02 5 

F 5 

у, = | Тао dx F 

о\ ТА 

= 0.222т? 

For first CSTR, Conversion 


Е Е,(Х,-Х 

Х,-06,-42-132лгГ, М = ao (QC TA) =.528т? 
-гА -rÅ 

For second CSTR, 
F F, (X-X 

Хз =0.65, <2 = 2.0m, Уз= о UG - X.) = 0.In? 
—rA —гА 

(2) 

First CSTR remains unchanged 

For PFR: 


9 Е Levenspiel Plot 
v= || == gx: 
02\ ЈА 


Using the Levenspiel Plot 


с 
У рнк = 0.22 4 
Ё 
For CSTR, 
Рао ( Х,-Х, ) 3 | 
Vom д о = 0.3т 0 01 02 03 04 05 06 07 
Conversion 
(3) The worst arrangement is to put the РЕК 
first, followed by the larger CSTR and finally the smaller CSTR. 
_ Original Reactor Volumes Worst Arrangement — — 
V1 = 0.188 (CSTR) V1 = 0.23 (РЕК) 
V2 = 0.38 (РЕК) V2 = 0.53 (CSTR) 
V3 2 0.10 (CSTR) УЗ = 0.10 (С5ТВ) __ 


For РЕК, 
X, =0.2 


X 
[Е 
MC 
0 A 


Using trapezoidal rule, 
Хо-0.1,Хі-041 


y= DOC хунх) 


= 221 28+0.98|т? 


= 0.23т? 
For CSTR, 
о 3 F, 
For X; = 0.6, -1.32т”, У, = 
—rA Ty 


For 2™ CSTR, 


F, 3 
For Хз = 0.65, шунал У,-01ш 


=> 


Р2-4 (е) Ехатрје 2-8 
T = 5hrs 
Vo = 1dm?/min = 60dm"/hr C4 = 2.5 mol/dm? X = 0.8 


У 
For CSTR, T = — 
Vo 


V = 300dm? 


(1) 
—г,= Са ILU mol | dm? hr 
T 


= 0.4mol / dm? hr 
(2) У = 300dn? 
(3)C4 = Сло(1-Х) 
= 0.5 mol/dm? 


У = 1.0 т 


°(Х,-Х,)= 1.32(0.6 - 0.2) = 0.53 т 


P2-5 (a) Two CSTRs in series 
For first CSTR, 


У = (FAd-1Ax1) Xi 


=> ХІ = 0.44 


For second CSTR, 
У = (Бдс/-Гах2) (X2 — X4) 


=> X2 = 0.67 


05 


06 


P2-5 (b) 


Two PFRs in series 


Jer de 
V ЇЕ ЈА x X 


By extrapolating and solving, we get 
Xj = 0.50 X» = 0.74 


P2-5 (c) 


Two CSTRs in parallel with the feed, Fao, 
divided equally between two reactors. Fangw/- 
тлхі = О.5Ғдо/-Тахі 


У = (0.5Fao/-taxi) Xi 
Solving we get, Xou = 0.60 


P2-5 (d) 

Two PFRs in parallel with the feed equally divided between the two reactors. 
Раме -таха = 0 SFao/-rAxi 

By extrapolating and solving as part (b), we get 

Xou = 0.74 


Р2-5 (е) 
А CSTR and а PFR are in parallel with flow equally divided 
Since the flow is divided equally between the two reactors, the overall conversion is the average of the 
CSTR conversion (part C) and the PFR conversion (part D) 
X, = (0.60 + 0.74) / 2 = 0.67 


P2-5 (f) 

A РЕВ followed by а CSTR, 
Хрев = 0.50 (using part(b)) 
У = (Pad/-Ta-xcstr) (Хсѕтв — Xprr) 
Solving we get, Хсѕтв = 0.70 


P2-5 (g) 
A CSTR followed by a PFR, 
Xcstr = 0.44 (using part(a)) 
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pai; od Е АЕ Е 


X Prr 


Xx TA 
CSTR - 
Ву extrapolating and solving, we get Xprr = 0.72 
Р2-5 (h) 


A 1 по РЕВ followed by two 0.5 m? CSTRs, 

For РЕК, 

Xpg = 0.50 (using part(b)) 

CSTR,: V = (FAj-rA xcsrg) (Хсѕтк – Ха) = 0.5 ш? 
Хсяв = 0.63 

CSTR;: V = (Рлу-та хезтво) (Xes — Xcsrei) = 0.5 m? 
Xcstr2 = 0.72 


Р2-6 (а) Individualized Solution 


P2-6 (b) 


1) In order to find the age of the baby hippo, we need to know the volume of the stomach. 


The metabolic rate, -r4, is the same for mother and baby, so if the baby hippo eats one half of what the 


mother eats then Fao (baby) = % Fao (mother). 
The Levenspiel Plot is drawn for the baby hippo below. 


Autocatalytic Reaction 


mao/-raM1 


Conversion 


Е FaoX _ 1.36 


аһу 77 
A 


V, * 0.34 = 0.23т? 


Since the volume of the stomach is proportional to the age of ће baby hippo, and the volume of the baby's 
stomach is half of an adult, then the baby hippo is half the age of a full grown hippo. 


_ 4.5 years 


Аре = 2.25 years 


2) If Vmax and m,, are both one half of the mother's then 


|| Catalytic Reaction 
n 2 I ausa 
Ao ЭР 
“Там2 “Тамо 
Mag 
and since TAM2 
—r | У max С, 
АМ2 7 Шеп i Р” 
кіс m 
1 = 
2 V nax С, 1 Хі-0 34 [ | 
0 0 Х,=04 


AM 2,4 | AM 2 nother | 
zm Ки + 67 2 Е Conversion 


m 
Ao 
Mao 2 2 = mao 
a 1 Ен 
АМ 2 == АМ? 
baby 2 F AM2 mother 
mother 
Mag 


will be identical for both the baby and mother. 


“Ғам? 


Assuming that like the stomach the intestine volume is proportional to age then the volume of the intestine 
would be 0.75 т? and the final conversion would be 0.40 


P2-6 (c) 


3 
V stomach = 0.2m 


From the web module we see that if a polynomial is fit to the autocatalytic reaction we get: 


m 
——40—— 127X* - 172.36X? + 100.18X? - 28.354X + 4.499 
“Там 
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; Mao 
And since V stomach = X, 
“Тама 
solve У= 127X? - 172.36X* + 100.18X? - 28.354X? + 4.499X = 0.2 m? 
Xstomach = .067. 


For the intestine: 
The Levenspiel plot for the intestine is shown below. The outlet conversion is 0.178 


Since the hippo needs 30% conversion to survive but only achieves 17.8%, the hippo cannot survive. 


Autocatalytic Reaction 


Catalytic Reaction 


ч Myo 
я AMD 
= 
8 2 
Е 
n? 
1 
0 Х=0178 = 
Conversion Conversion 
P2-6 (d) 
РЕВ CSTR 
PFR: 


Outlet conversion of PFR = 0.111 
Autocatalytic Reaction 


Catalytic Reaction 


Mag 
ud тэ 
АМ2 = 
2 5 
8 
m? Е 

1 
0 Х=0111 
Conversion 
Conversion 
CSTR: 
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We must solve 


V = 0.46 = (Х-0.111)(127Х* - 172.36Х° + 100.18X? - 28.354X + 4.499) 
Х=0.42 
Since the hippo gets а conversion over 30% it will survive. 


NEN MM бб 


Р2-7 


Exothermic reaction: A > В + С 


r(mol/dm?.min 


X ) 1/-r(dm?.min/mol) 
0 1 1 
0.20 1.67 0.6 
0.40 5 0.2 
0.45 5 0.2 
0.50 5 0.2 
0.60 5 0.2 
0.80 1.25 0.8 
0.90 0.91 11 
Р2-7 (а) 


To solve this problem, first plot 1/-ГА vs. X from the chart above. Second, use mole balance as given below. 


CSTR: 


FoX _ (300mol / min 0.4) 


Mole balance: | Vi, = = => 
И сы (5то1/ dm? тип) 


=>Усжтк = 24 dm? 


РЕК: 


273477 Е- Mr. 


Mole balance: 


= 300(area under the curve) Q4 0.6 


VPER =72 dm? 


P2-7 (b) 
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For a feed stream that enters the reaction with a previous conversion of 0.40 and leaves at any conversion 
up to 0.60, the volumes of the PFR and CSTR will be identical because of the rate is constant over this 
conversion range. 


6 6 
F Е Бо «16 
Ук = | Зах = — [ax = — Х|, 
4277, EE =F, ` 
040 0.50 
Сеа — E — D 
=l ИТА 
04 0.6 ` | 
х | ы 
Р2-7 (с) 
Vestr = 105 dm? 
Е.Х 
Mole balance: Meer = Ad" 
– 
X 105dm? 


-= 0.354т? тіп/ mol 


Use trial and error to find maximum conversion. 


At X = 0.70, 1/-тА = 0.5, and X/-rA = 0.35 dm3.min/mol 


Maximum conversion = 0.70 


P2-7 (d) 


From part (а) we know that X, = 0.40. 


Use trial and error to find X3. 
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Pots - Xi) 


Mole balance: У = 


“А Е 
Rearranging, we get 
X,-040. Y oos 
— ТА|х, А0 
-l/r& 
X, —0.40 
At X; = 0.64, —2— —— = 0.008 
Е 2р 


Conversion = 0.64 


Р2-7 (е) 


From part (a), we know that X, = 0.40. Use trial and error to find X3. 


X; X 
Mole balance: Ур = 72 = Ер | Es 300 2 
одо ТА 040 
At X; = 0.908, V = 300 x (area under the curve) 
=> У = 300(0.24) = 72dm? 
Conversion = 0.908. 


P2-7 (f) 
See Polymath program P2-7-f.pol. 
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0.52 
0.39 
0.26 
0.13 
0.00 0 
Р2-8 (а) 
y = Ëo% 

‘sane ғ 
Fg, = 1000 g/hr 

1 ат? їг 

At a conversion of 40% =0.15- 


Therefore У = (0.15)(1000)(0.40) = 60 dm’ 


P2-8 (b) 
А 1 ат їг 
At a conversion of 80%, -— = 0.8————- 
77; 8 
Fso = 1000 g/hr 


Therefore У = (0.8)(1000)(0.80) = 640 ат” 


Р2-8 (с) 
х dX 
Ув = Fso | 
075 


From the plot of 1/-rs Calculate the area under the curve such that the area is equal to V/Fsp = 80 / 1000 = 
0.08 


X = 12% 
FX 


-ғ; 
Х/- = 0.08. From guess and check we get X = 55% 


For the 80 dm? CSTR, V =80 ат? = 
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P2-8 (d) 

То achieve 80% conversion with а CSTR followed by a CSTR, the optimum arrangement is to have a 
CSTR with a volume to achieve a conversion of about 45%, or the conversion that corresponds to the 
minimum value of 1/-r,. Next is a РЕК with the necessary volume to achieve the 80% conversion following 
the CSTR. This arrangement has the smallest reactor volume to achieve 8096 conversion 


For two CSTR’s in series, the optimum arrangement would still include a CSTR with the volume to achieve 
a conversion of about 45%, or the conversion that corresponds to the minimum value of 1/-r,, first. А 
second CSTR with a volume sufficient to reach 8096 would follow the first CSTR. 


P2-8 (e) 
kC 
-r = E ла C, =0.1[C,, —С;]+ 0.001 
Кы +С; 


kC, (О.С — С, ]+ 0.001) 


Let us first consider when Сс is small 


Cso is a constant and if we group together the constants and simplify 


Ky + 
ИОН ЛЕК агза 


г КС: +k,Cs 


5 
since Cs « Км 


1 Ky 


n k C? +k,Cs 


5 


- which is consistent with the shape of the graph when X is large (if Cs is small X is 
large and as Cs grows X decreases). 
Now consider when Cs is large (X is small) 


As Cs gets larger Cc approaches 0: 


C, -0.1[C;, – С; |+0.001 аа C, «С, 


kC,C, 1 Ky, +C, 
Ce {Шер ee 
КЕС n КСС 


5 
AS Cs grows larger, Cs >> Км 
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p 2 1 
Апа – — = ——=— = 
n kC,C. КС; 


5 


And since Cc is becoming very small and approaching 0 at X = 0, 1/-г, should be increasing with Cs (or 
decreasing X). This is what is observed at small values of X. At intermediate levels of Cs and X, these 


driving forces are competing and why the curve of 1/-г, has a minimum. 


Р2-9 
Irreversible gas phase reaction 
2A-- B 2C 


See Polymath program P2-9.pol. 
P2-9 (a) 


PFR volume necessary to achieve 50% conversion 
Mole Balance 


Volume = Geometric area under the curve of (FA/-rA) 
vs X) 


У = Е: 400000х 05) + (100000х 0.5) 


М = 150000 т? 


P2-9 (b) 
CSTR Volume to achieve 5096 conversion 
Mole Balance 


У = 0.5 х 100000 
У = 50000m? 


P2-9 (c) 
Volume of second CSTR added in series to achieve 80% 
conversion 


yx FoX- 41) 


(-ғ,) 
У, = 500000 x (0.8 — 0.5) 
У, = 150000m* 
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Бо 


^ 9.000 + 02226 о 


ШЕ! тан 


8 
5 


0 01 020304 


o 
x 


500 000 $w 
400 000 Зенит 


Fao. 
fA — 300 000 


(m°) 


100 000 а 


И e oec 
9 01 0203 0405 96 07 0509 10 


500 ооо4с---- 


400.000 d ибн не. 
-ЧА 300 000:4-------Хс-- <--- 
/ % 
(m?) 
d 200000 ] «Ni а. 
100.000 
о 


А М 
а 0% 02030405 06 о? ов 09 10 
х 


P2-9 (d) 
Volume of PFR added in series to first CSTR to achieve 
80% conversion 


Vprg = G x 400000 x 0.3) + (100000 x 0.3) 


Veer = 90000m? 


Р2-9 (е) 

For CSTR, 

V, = 60000 m? (CSTR) 
Mole Balance 


(Cn) 
Х=0.515 
For PFR, 500 000 | —— 
У, = 60000 газ шаг 5 
Моје ђајапсе hs 
Х, ах EN 360 000 —— 
V = Р, |—- (та) EP | 
x- 7) гээн NIRE 7 | 
Eqn. Of 2" line (sloping upwards) 100 000 аны E 
у — 100000 = 1.3x10* (x – 0.5) 5 | 
0 01 0203 0405 


А о 
98 07 980910 
X 


Xj 
60000 = | (1.3x10*(x — 0.51) + 100000)dx 
X, 
=> X, = 0.746 


P2-9 (f) 
Real rates would not give that shape. The reactor volumes are absurdly large. 


и 2-10 involves estimating the volume of three reactors from a picture. The door on the side of the 
building was used as a reference. It was assumed to be 8 ft high. 

The following estimates were made: 

CSTR 

h = 56ft d=9ft 


У = ль = n(4.5 ft) (56 ft) = 3562 f£ = 100,865 L 
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РЕВ 

Length of one segment = 23 ft 

Length of entire reactor = (23 ft)(12)(11) = 3036 ft 
Dz1ft 

V = дһ = л(0.5 &) {3036 ft) = 2384 fÊ = 67,507 L 


Answers will vary slightly for each individual. 


P2-11 wo solution necessary. 


P2-12 (a) 
The smallest amount of catalyst necessary to achieve 80 96 conversion in a CSTR and PBR connected in 
series and containing equal amounts of catalyst can be calculated from the figure below. 


22 (kg catalyst} 
$ 


Fao 
ГА 
8 
T 1 


4 6 8 19 
Conversion, X 


The lightly shaded area on the left denotes the CSTR while the darker shaded area denotes the PBR. This 
figure shows that the smallest amount of catalyst is used when the CSTR is upstream of the PBR. 


See Polymath program P2-12.pol. 
P2-12 (b) 


Calculate the necessary amount of catalyst to reach 80 % conversion using a single CSTR by determining 
the area of the shaded region in the figure below. 
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= (kg catalyst) 


=, 
8 


Бо 


ho 
o 


E 
© 


Conversion, X 
The area of the rectangle is approximately 23.2 kg of catalyst. 
P2-12 (c) 


The CSTR catalyst weight necessary to achieve 40 % conversion can be obtained by calculating the area of 
the shaded rectangle shown in the figure below. 


Conversion, X 


The area of the rectangle is approximately 7.6 kg of catalyst. 


P2-12 (d) 
The catalyst weight necessary to achieve 80 % conversion in a PBR is found by calculating the area of the 
shaded region in the figure below. 
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{Ка catalyst) 
8 


Fao 
EA 
8 


~ 
e 


E 
o 


Conversion, X 


The necessary catalyst weight is approximately 22 kg. 


P2-12 (e) 
The amount of catalyst necessary to achieve 40 46 conversion in a single PBR can be found from calculating 
the area of the shaded region in the graph below. 


Conversion, X 


The necessary catalyst weight is approximately 13 kg. 


P2-12 (f) 
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0.9 --- = 
00 64 128,192 256 320 


P2-12 (g) 
For different (-гд) vs. (X) curves, reactors should be arranged so that the smallest amount of catalyst is 
needed to give the maximum conversion. One useful heuristic is that for curves with a negative slope, it is 
generally better to use a CSTR. Similarly, when a curve has a positive slope, it is generally better to use a 
PBR. 


CDP2-A (a) 
Over what range of conversions are the plug-flow reactor and CSTR volumes identical? 
We first plot the inverse of the reaction rate versus conversion. 


197. 8 и 
тү; ai Ж 
ТА, „ 
Ж 
6 Ж 
~ 22 
m? es! y 
ded 3 
| mol | 7-2 
4 ў 
> 
e Be ——M————— Ом 
9 9.2 9.4 0.6 9.8 1.0 


Conversion X 


Mole balance equations for a CSTR and a PFR: 


Pis А 
CSTR: И = —40— pre: V= | С 
TTA 0-7, 


Until the conversion (X) reaches 0.5, the reaction rate is independent of 
conversion and the reactor volumes will be identical. 
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05 Е. 05 FAX 
ie Vase = pA Ан [dx = 0 


= Vcsrg 


CDP2-A (b) 
What conversion will be achieved in a CSTR that has a volume of 90 L? 
For now, we will assume that conversion (X) will be less that 0.5. 
CSTR mole balance: 


_ РлоХ _ СлоХ 


У 
Tra m 
3 
Х- v — MÀ P ет = =3x10" 
20-48 $75 x 20072 зто 
— FA 5 m mol 
CDP2-A (c) 


This problem will be divided into two parts, as seen below: 


9 9.2 94 06 0.8 1.0 
Conversion X 


" The РЕК volume required in reaching X=0.5 (reaction rate is independent of conversion). 


_ РлоХ. _ УуСлоХ 


V =1.5х10 m? 


* The РЕВ volume required to go from X=0.5 to X=0.7 (reaction rate depends on conversion). 
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ныста 
: mol , 
= 10"m?([5(0. 7? — 200.5 ]- [5(0-5* – 200.5)]) 


* (5X? —2xXy. 


#200 P „(10 
mn 3 


=8 #10" па 
Finally, we add V2 to У, and get: 
Уш= Vi + V2 = 23 x10"! т? 
CDP2-A (d) 


What CSTR reactor volume is required if effluent from the plug-flow reactor in part (c) is fed to a CSTR to 


1 о“ 8 


~ 
А 


f A ~ 
~ 
m^esi 


mol ; 


9.4 0.6 .5 1.6 
raise the conversion to 90 % Conversion X 


We notice that the new inverse of the reaction rate (1/-rA) is 7*108. We insert this new 
value into our CSTR mole balance equation: 


Крах — VoC 49AX- 
— ТА "ТА 


CDP2-A (е) 


If the reaction is carried out in a constant-pressure batch reactor in which pure А is fed to 
the reactor, what length of time is necessary to achieve 40% conversion? 


Vot =1.4x10 m? 


Since there is no flow into or out of the system, mole balance can be written as: 


ам, 
dt 


Mole Balance: r,V — 
Stoichiometry: №, =No- X) 
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X 
Combine: ИУ = N ao a 


dt 


From the stoichiometry of the reaction we know that V = Vo(1+eX) and e is 1. We insert 
this into our mole balance equation and solve for time (t): 


-=r Yo пае 
Ns di 

t X dX 

(seg жег 


After integration, we have: 


мг Омар 


Inserting the values for ош variables: 
{= 2.02 x 10^ s 
That is 640 years. 


CDP2-A (f) 


Plot the rate of reaction and conversion as a function of PFR volume. 


ios аминимнаницан n эм as 


Reaction Rate (-ғд) versus Reactor Volume (V) 
4.0*10- 


| ^A 3.0*10 


Ї2 


2.0*10-Э. 


‚ы тим 


1.0"10-9 


9 1.0*101 2.0*1011 3.0*101 4.0*1011 5.0*1011 


V (m9) 


Below is a plot of conversion versus the PFR volume. Notice how the relation is 
linear until the conversion exceeds 50%. 
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———————— 


Conversion (X) versus Reactor Volume (V) 
1.0 
0.8 
0.6 
0.4 
0.2 

0-- -----------1----------1-----------1 
9 1.0*1011 2.0*1011 3.0*1011 4.0*1011 5.0"1011 
м 3 
LIMES ou o c. Еве cu пе ин њен] 


The volume required for 9996 conversion exceeds 4*1011 mî. 


CDP2-A (g) 


Critique the answers to this problem. 


The rate of reaction for this problem is extremely small, and the flow rate is quite large. To obtain the 
desired conversion, it would require a reactor of geological proportions (a CSTR or PFR approximately the 
size of the Los Angeles Basin), or as we saw in the case of the batch reactor, a very long time. 


en — 


CDP2-B Individualized solution 


CDP2-C (a) 


30 


» 1 
о 9, 020340404 


—————————— íi ———-—————— 


95 07 Q5 99 


Conversion, X 


(а) 


ia) 


For an intermediate conversion of 0.3, Figure below shows that a PFR yields the smallest volume, since for 
the PFR we use the area under the curve. A minimum volume is also achieved by following the PFR with a 
CSTR. In this case the area considered would be the rectangle bounded by X =0.3 and X = 0.7 with a height 
equal to the Сло/-гд value at X = 0.7, which is less than the area under the curve. 


CDP2-C (b) 
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У = 30 l/min 
Y-v I, where 


e 


I = area considered in part а. 


3 С Кы 
1 Эр 0 ах + (0.7-0.3) —42 


? А Х-0.7 
= (0.3 - 0)(10) + i (0.3-0) (50-10) + (0.7-0.3) (15) 
* 15 min 


* 
So V = v, I = (50 l/min) (15 min) = 750 1 = 750 аш. 


CDP2-C (c) 
The smallest асса can be achieved by using only one CSTR with this system, 
с - 
I= (0.7-0.0) A9 = (0.7-0)(15) = 10.5 min 
-r 
A 50.2 


So Y -v I (50) l/min (10.5) min = 525 1 
o 
We would further reduce the total volume by using а PFR at first up to the 


conversion that gives the same Cao! 77a az Х=0.7. 


CDP2-C (d) 
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То obtain equal CSTR and РЕҢ volancs the area under the curve must be cqual 
to the arca of the rectangle up to the specified conversion. 
By trial and error wa saa that Х»0.45 is a solution. For the CSTR, 


c 


I = (0.45-0) 222 = (0.45-0) (37) = 16.65 mix 
А «0.7 
So V» v, I (50 1/mia)(16.65 mia) = 832.5 1 
For ће РЕВ, 
22 ES с 2 
0 "TE 


Using Simpson's ruls 
Ls 9.98 (10 + 4615) + 2020) + 4635) + 2645) + 4048) + 2(50) + 
4648) + 2043) + 37) 


= 4,08 (10 + 4(15 + 35 + 48 + 48) + 2020 + 43 + 50 + 43) + 37) “15.72 


So Улуу = {50 1/шіп)(15.72 шїп) = 786 1 85 difference, pretty cl 


There is also a solution at an Х20.7 


Try АХ” 0.8 
For the CSTR 


I» (0.8-0)(33) = 26.4 mia 


For the PFR 
0.8 C 
0 ТА 
“ = (10 + 4(20) + 2043) + 4050) + 2(43) + 4(32) + 2617) 


+ 4615) + 33) 


Y E (10 + 4(20 + 50 + 32 + 15) + 2643 + 43 + 17) + 33) » 23.9 min 


Try 10.13 
Бос the CSTR 
I » (0,19)(30) = 23.7 min 


So V = v Т = (50 L/min) (23.7 min) = 1185 1 (cdm?) 
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For tha РРЕ 
І = 23.9 – 1 (0.8-0.79)(30+33) = 23.9 - 0.315 = 23.58 min 


So ¥ = vit ж (50 L/min) (23.58 min) = 1179 1 


0.5% difference 


CDP2-C (e) 
8 
um У ај x С, 
Vo v. - дүн 
2 0,0 0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 


С о! Ед (nin) 10 20 43 50 43 32. 17 15 33 
simin} 0.0 2.0 8.6 15.0 17.2 16.0 10.2 10.5 26.4 
30 
25 
29 


tau (min) 13 


ca сы 100 1 


v. 50 l/sia ^ 14 min 


The graph yields three possible steady states 


1, = 0,235, 2, = 0,535, and Х, 0.130. 
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CDP2-D 
Data taken at 1013 kPa. (10 atm) and 227°С (500.2 К) 


ya, 70333 С = Ya _ (0.3331 0) = 0.08113 томат” 


RT (00825002) 


100000 · 


80000 4 


20000 | 


CDP2-D (a) 


30% conversion in РЕВ: 


03 4. 17 
Трек = Са Ёс = = 4,664.84 5 = У =>У,т= (4664.84 [e 2 m?/min )= 155.5 m? 
о ТА 5 60 5 


CDP2-D (b) 


30 to 50% conversion in CSTR: 


: | Бас 2, | | 
Кайа QNO ME 1551216928 => Моа = (12.1692 4 шіп |, шлшіп)- 405.64 m^ 


2 


CDP2-D (с) 
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Total Volume: 


Ура = 155.5 + 405.6 = 561.1 m? 
CDP2-D (d) 


60% conversion in PFR: 


06 pel 
ЕО | = -202819s = Ма = (20,281.9 ше Ё m/min ) = 676.06 m? 
р; А 


8096 conversion їп РЕЙ: 


r, is not known for Х>0.60 — can not do. 


CDP2-D (e) 
50 % in CSTR: 


т-С,- = 30,422.98 


А 
У=ут= болға». m | m?/min )= 1014.1 т? 
5 


CDP2-D (f) 
50 to 60% conversion in CSTR: 


У=у, = (8112.8 аи m/min )= 270.4 та? 
5 


CDP2-D (2) 
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———^—————————"——XYO————— ———————————— RÀ ——U'ÁG[ € 


Rate of Reaction vs. Volume Conversion vs. Volume 


108-05 up o d 


258408 j—— 


VOR лс p ИН т ЖЕРЛЕ ТЕКЕ 
0 200 400 600 500 0 200 400 600 800 
Volnme са) Volume (m) | 
CDP2-D (h) 
Critique 


Answers are Valid: 


1. Constant Temperature and Pressure 

No heat effects 

No pressure drop 
2. Single interpolation to X, = 0.15, 0.30, 0.45, and 0.50 allowable 
3. Huge volume (the size of the LA Basin)! Raise T? Raise Р? 


—À————— À—— 


CDP2-E 
For the CSTR: 


m 
Адеа = У = 1200 dm Ы» ыг 


From the graph we can see that X, = 0.60 ши 
For the РЕК: 
Е хх Бо 3000 
V, X T ) = F (Area under curve) ЧА о" 
^ 


1008 
3 
Area under curve = У, = 600 dm 


From the graph we can see that X, = 0.80 
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CDP2-F (a) 


Find the conversion for the CSTR and PFR connected in series. 


Р=10ат  Tz227Cz500K 


n PN xd ам = 0.244 тол. 
RT (0.082 1. ашушо! КХ500 К) 

Ca, = 0410 =0.41(0.244 mol/L) = 0.1 том, 

Е. =v,C,, = 1 L/s(0.1 mol/L) = 0.1 mols = 6 mol/min 


There are two possible arrangements of the system: 
1, CSTR followed by the РЕК. 
2. PFR followed by the CSTR 


Case 1: CSTR > РЕК 


Ст. = 


CSTR: У, =F (Area) 


apa эг 207 2683 
F 6 


From the graph - X, = 0.36 
РЕК: У, =F (Area under curve) 


Area under curve = 24. = 199 = 16.667 
^o 


From the graph - X, = 0.445 


—————— ————— 


Case 1: CSTR -> PER Case 2: РЕВ --> CSTR 
500 500 р 


400 400 4--- 
2 300 43004 
5 200 5 200 1. 
1004 100 1- «| 
04 ы. 
| 0.0 0.2 04 0.6 08 1.0 
x X 


2-33 


rime yes bi Siam aetna питања и hai Sp 


Case 2: РЕВ -> CSTR 


РЕВ: Area under curve = 16.67 
From the graph - X, = 0.259 
CSTR: Area = 66.67 
From the graph - X, = 0.515 
CDP2-F (b) 
Two 400 L CSTR's in series. 


CSTRI: У =Е, (Агеа) 

Area = 66.67 

From the graph - X, = 0.36 
С51К2: Area 66.67 


From the graph - X, = 0.595 
(b) Two CSTR's in Series (c) Two CSTR's in Parallel 
500 јр 500 + - - 
400 400 ~ 
300 һы 300 4-- тық 
“5 200 1 1 = 200 01 
00 20 EAE M j 
100 EE 
n ct а à 03 — 
0.0 02 0.4 66 0.8 10 0.0 0.2 0.4 06 08 1.0 
X x 


CDP2-F (c) 
Two 400 L CSTR's in parallel. 


To each CSTR goes half of the feed. 


F,, = 6/2 = 3 mol/min 
V =F (Area) 


dee a етан 


да 
From the graph: Х = 0.52 
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CDP2-F (d) 
РЕК: V=F, (Area under curve) 


From the graph we can find the area under the curve for a conversion of 0.60: 


. 00 
Area = aa = 90 


У =(2 mol/min)(90) = 180 L 


ааа ата B 


еа отит о по өнне узык”: е еее енеммен 


(d) Single РЕН 


CDP2-F (e) 
Pressure reduced by a factor of 10. 


А decrease in pressure would cause a decrease in the overall concentration which 
would in turn cause a decrease in С, and Fao By looking at the design equation: 


EX 


V шав 
it is apparent that to compensate for the decrease in Е, there would be and increase 


in X 


CDP2-F (f) 


Use the graph of 1/-г, vs. X to find values for all volumes. (Assurne a flow rate of 
1 mol/min.) Generate the following table and graphs: 
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0.2 1 
0 амы. ЕЕ 


| 0 190 у 200 300 


| ДНИ 


CDP2-F (g) Individualized solution 


| 
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(D -ra vs. Volume 


Solutions for Chapter 3 – Rate Law and Stoichiometry 


P3-1 Individualized solution. 


P3-2 (a) Example 3-1 


0.008 ie eer ee ce ђин ono: omie пита 


0.003 
0.002 
0.001 -—- 
p uh — ges P EM ИИС 
310 315 320 325 330 335 
т(к) 
For E = 60kJ/mol For E, = 240kJ/mol 
— 600007 — 2400007 
k =1.32x10"° exp ———— k1=1.32x10"° exp —————— 
RT RT 
E = 60 kj/mol 
E = 240 kj/mol 
6000000: APESI AE Gi RI ны Re ид 
35E-22 
5000000 
ЗЕ-22 
Eds _ 4000000 
$ 2Е22 = 3000000 
I ~ 
= ак 2000000 
1E-22 em 
1000000 
БЕ-23 
000295 0.003 000305 00031 000315 00032 000325 000295 0.003 0.00305 00031 000315 0.0032 0.00325 
17 (1/K) 17 (1) 


P3-2 (b) Example 3-2 Yes, water is already considered inert. 


3-1 


Р3-2 (с) Ехатрје 3-3 

The solution to the example at a conversion of 20% would remain unchanged. For 90 % conversions of the 
caustic soda, the final concentration of glyceryl sterate is O instead of a negative concentration. Therefore 
90 % of caustic soda is possible. 


P3-2 (d) Example 3-4 А + bg = се + e, 
a a a 


1/3 


So, the minimum value of Фр = b/a = m = 0.33 


РЗ-2 (е) Example 3-5 
For the concentration of М to be constant, the volume of reactor must be constant. V = Vo, 
1 0.5(- 0.14 X 
Plot: —— = — 
-r, (1-Х)(0.54-0.5Х) 


ЯД-га) vs X 


The rate of reaction decreases drastically with increase in conversion at higher conversions. 


P3-2 (f) Example 3-6 
For a given conversion, concentration of B is lower in flow reactor than a constant volume batch reactor. 
Therefore the reverse reaction decreases. 
Сто = constant and inerts are varied. 
М,О, «> 2NO, 
А © 2В 
2 


С 
Ew EM B, 
Equilibrium rate constant is given Бу: Ке -- 


Cae 
Stoichiometry: € = Удод = Удо (2-1) = Удо 


Constant volume Batch: 


3-2 


- 2N X 
Е ае e doa edt е od 
0 Vo 
Plug flow reactor: 
_ Ро Аа-Х) С,(1- Х) – 2FoX _ 6X 


^ (+=) (+=) — ^ w-eX) +) 


УлоРо 3 
= = 0.07176 то! / dm 
ЕТ, Ул ) 


Combining: For constant volume batch: 


Ёс 2 бу = АС„Х? : >X = К,4-Х, 
С, C,o(l- X) И ү AC о 


For flow reactor: 


2 
K, = Св бы = Х, = К,0-Х,)1-4Х,) 
Cre С,,1-Х)144Х) Шин 


See Polymath program P3-2-f.pol. 


AO 


POLYMATH Results 


NLES Report (safenewt) 


Nonlinear equations 
[1] f(Xeb) = Хеб - (kc*(1-Xeb)/(4*Cao))^0.5 = 0 
[2] f(Xef) = Xef - (kc*(1-Xef)*(1+eps*Xef)/(4*Cao))0.5 = 0 


Explicit equations 

[1] yao z1 

[2] kc 2 0.1 

[3] Сао = 0.07174*yao 
[4] eps = yao 


Equilibrium Conversion 


0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 
y inerts 


Xef 
0.508 


Xeb 
| | 0o9| 0458| 0.5217 | 
0.7 0.5547 
| | 06| 055 0576 
| 0.5 
0.4 0.5944 
0.3 0.6435 0.6743 
0.05 0.887 
0.044 


РЗ-2 (8) No solution will be given 


P3-2 (h) 
А + lg > lc 
#2 2 
1 dm? Y 
т 
Rate law: — 7, = ЕС, С, апа КА = 25—|! —— 
s\ mol 
БЖ, СРЦЕ г-н = 25020, = kala Co _ Са Са 
-1 -1/2 1/2 1/2 -1/2 
1| dm? 
ko =k, =12.5—| — 
81 mol 
P3-2 (i) 
A+3B — 2C 
Rate law: — ГА = k A C A C в at low temperatures. 
At equilibrium, 
Се 1/2 3/2 С 
К C cQ? -=2 =0 
1/2 3/2 А В 
Сл, Cre Кс 
ate! _ 112 из Cc 
At equilibrium, -ra = 0, so we can suggest that — /4 = k A C A C B = K. 
C 


But at t = 0, Сс= 0 
So the rate law is not valid at t = 0. 
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Next guess: 


which satisfies both the initial conditions and equilibrium rate law. 
2 


Hence — r} =k, С.С; – 


C B 


is the required rate law. 


P3-4 (a) 
Note: This problem can have many solutions as data fitting can be done in many ways. 
Using Arrhenius Equation dii Зэс 
For Fire flies: 


Flashes/ | In(flash 


min es/min 2.66 
1 


2.52 


0.00335 
6 


0.00330 : 2.38 


Plotting In(flashes/min) vs 1/Т, 224 


we get a straight line. 
5 И iod 1 ~“ 10 Ча ИРЕ НА, ПН ПН ЗАИР M sas 
See Polymath program P3-4-fireflies.pol. 210 AES 332Е3 3342$. 336Е-3 138E3 340E3 


For Crickets: 


chrips/ | In(chirps/ 
min i 


7 in (Chips) 


Plotting In(chirps/min) Vs 1/T, 

we get a straight line. 

> Both, Fireflies and Crickets data 

follow the Arrhenius Model. 

In y — A + B/T , and have the same activation energy. 


See Polymath program P3-4-crickets.pol. 


3.33Е-3 3.36E-3 339Еру 3.42Е-3 3.45Е-3 3.48Е-3 
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РЗ-4 (р) 


For Hone IE: 


20 


89 |9300 шингэн 
Plotting In(V) Vs 1/T, almost straight line. 
In(V) = 44.6 — 1.33EA/T 02 
At T = 40°С(313К) У = 6.4cm/s 
At T = -5°С(268К) У = 0.005cm/s(But bee 0.4 
would not be alive at this temperature) 
See Polymath program P3-4-bees.pol. ET 
Ü328E3 327E3 329Е, or 331E-3 333E-3 336Е-3 
P3-4 (c) 
For ants: 20 


14 
08 
Plotting In(V) Vs /T, —— 02 
almost straight line. 
See Polymath program P3-4-ants.pol. -04 
So activity of bees, ants, crickets and fireflies follow -10 


: SONIS: : 3.22Е-3 328Е-3 3.4E,3 341E-3 ЗАТЕ З 3.53E-3 
Arrhenius model. So activity increases with ап P 


increase in temperature. Activation energies for fireflies and crickets are almost the same. 


Activation Ener 


Cricket | 


Ant 
Honeybee 


141800 


P3-4 (d) 
There is a limit to temperature for which data for any one of he insect can be extrapolate. Data which would 
be helpful is the maximum and the minimum temperature that these insects can endure before death. 
Therefore, even if extrapolation gives us a value that looks reasonable, at certain temperature it could be 
useless. 


P3-5 

There are two competing effects that bring about the maximum in the corrosion rate: Temperature and 
НСМ-Н;5О; concentration. The corrosion rate increases with increasing temperature and increasing 
concentration of HCN-H,SO, complex. The temperature increases as we go from top to bottom of the 
column and consequently the rate of corrosion should increase. However, the HCN concentrations (and the 
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HCN-H2S04 complex) decrease as we go from top to bottom of the column. There is virtually no HCN in 


the bottom of the column. These two opposing factors results in the maximum of the corrosion rate 
somewhere around the middle of the column. 


P3-6 Antidote did not dissolve from glass at low temperatures. 


P3-7 (a) 


If a reaction rate doubles for an increase in 10°C, at T = T, let k = k; and at = T; = Т,+10, let К = k, = 
2k,. Then with К = Ae?" in general, k = Ae F" and k, = Ae P" or 


k k 

In| — In| — 
ув “8 
—=е о == 
k, R 1 3 (2-2) 


7225) CU 
Therefore: 
К 
Inj — (7 (Т +1 
NALE LUNO 
(1-1) 10 
10Е 
1(1, +10) = 
i Rin2 
05 
which can be approximated by 7 = к= 2 
П 


РЗ-7 (9) 
са: 
Equation 3-18 is k = Ae КТ 


From the data, at T, = 0°C, k, = Ae F/R" апа at T; = 100°C, k, = Ae EE 


sue ма К, 
Dividing gives — = e 


БЕ СИР Ие 3 Eaton! нед“ 222 
don (5-0) 5 
1, 1 


k 
ТЫ 
ys чу (У 


1% far јез K][373K] 


me mol K 0501. 9907 
100K .001 mol 
E 7960 £2} 
A=ke"" =10° min" exp A = = 2100 min" 
1% — етк) 
mol К 


P3-7 (с) Individualized solution 


P3-8 

When the components inside air bag are шэн following reactions take place, 
2МаМ, — 2Na + 3N2.. cvs esas ss mr ete b) 
10Na + 2KNO; — K20 4 +  5М40 | + №. омо) 

К,О + Мао + SiO, — alkaline silicate Mises. MU EAE TE ESPERE ЕЕ) 


5х rxn(1)+ ги (2) + rxn(3) = rxn(4) 
NaN; + 02KNO; + 0.1510 > 0.4Na,0 + 1.6N; + сотрјех/10.........(4) 
Stoichiometric table: 


Given weight of NaN; = 150g Ми of NaN; = 65 
Therefore, no. of moles of NaN; = 2.3 


1 moles of NaN; requires 0.2 mole of КМОз 
=> Moles of B, KNO; = 0.2(2.3) = 0.46 moles Ми of КМО» = 101.1 
Therefore, grams of KNO; required = 0.46 x 101.1 2 46.5 2 


1 moles of NaN; requires 0.1 mole of SiO;. 
Moles of C, SiO, = 0.1(2.3) = 0.23 moles Mw of SiO; = 60.08 
Therefore, grams of 5102 required = 0.23 х 60.08 = 13.8 2 


Following proposals are given to handle all the un-detonated air bags in cars piling up in the junkyaxds: 
e Store cars in cool, dry, ventilated areas. 
е Avoid Physical damage of the bag in саг. 
e Пі stable under ordinary conditions of storage. Decomposes explosively upon heating (over 
221° For 105? C), shock, concussion, or friction. 
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e Conditions to avoid: heat, flames, ignition sources and incompatibles. 


P3-9 (a) 
dX | : 
From the web module we know that FS = К(1— x) and that К is a function of temperature, but not a 
t 


linear function. Therefore doubling the temperature will not necessarily double the reaction rate, and 
therefore halve the cooking time. 


P3-9 (b) 
When you boil the potato in water, the heat transfer coefficient is much larger, but the temperature can only 
be 100°C. 


When you bake the potato, the heat transfer coefficient is smaller, but the temperature can be more than 
double that of boiling water. 


P3-9 (c) No solution will be given 


P3-10 (a) | 
1) СН > СН. + Н, Rate law: -r4 = КС-н, i 
2) CH, + 120; > СНО Rate law: -ra = АС Со 


3) (CH3)3COOC(CH3)3 = СО Не + 2СН:СОСН, 
А - В + 2С 
Rate law: -ra = k[C4 — CgCc/Kc] 


4) п-С,Нуо e I СН 0 Rate law: МА = К Ссн, = Сење КА 
5) СН;СООС;Н; + С,Н,ОН € СН,СООС, Ну + С,Н:ОН 
А + B ө С + р 


Rate law: Ta = КІСАСв = CcCy/Kc] 


P3-10 (b) | 
2А+В >C | 
а) Ta = КСАСв? | 
(2) Та = КСв | 
(3) da = К | 
(4) -ra = КС Ся" | 
РЗ-10 (с) | 
(1 CH, — CH, + Н, Rate law: -r4 = КС ен, 


3-9 


1/2 
К, Cy, Са, 


(2) Н, + Br,  2HBr Rate law: -гив: = 
k + C un, 
2 
Br, 
(3) H + ә 2HI Rate law: — Fy, = КС н, С 1, 
Р3-11 (а) 


Liquid phase reaction, 


О CH,--OH 
YN | 
СН, = CH; + Н:О => СН,--ОН 
А +B> C 
Cao = 1 тоу? Cpo = 3.47 Ibmol/ft? 


Stoichiometric Table: 


Initial Remaining | 
Ethylene Сло=1 Ibmol/ft Ca= Сло(1-Х) 
oxide _ | = (1-Х) Ibmol/ft 


Сво= 3.47 Ibmol/ft Cs = Сло( B; -X) 
0,-347 | =(3.47-X) Ibmol/f? 
Cc =С АОХ 
= X Ibmol/f? 


Rate law: | ТА = КСАСв | 
Therefore, -ra =k Сар (1-X)( Oy -X) = К(1-Х)(3.47-Х) 
At 300K E = 12500 cal/mol, Х=0.9, 
К = 0.1dm?/mol.s = us x35.315 ft? / Ibmol.s = 0.0035 ft? / Ibmol.s 
X : 
Тсзтк = бао пр Е = 1000.56 s'! 
=r; (0.0035)(1)" (1— 0.9)(3.47 — 0.9) 
At 350K, 


ky = k exp((E/R)(1/T-1/T2))= 0.0035exp((12500/1.987)(1/T-1/T2))= 0.071 dm?/mol.s 
Therefore, 


CoX ______ @09% 


Т ш = ---------- - 49.26! 
сик n (00700) 1 -0.9)8.47 — 0.9) : 


P3-11 (b) 
Isothermal, isobaric gas-phase pyrolysis, 
С.Н; СН, + Н, 
А 2 B +С 


Stoichiometric table: 
A 


Leaving 
Fa=Fao(1-X) 


о | ЗБаоХ |Fg-FaoX | 
[0 | +Рлох | Ес=РлоХ — | 
| FrosFao| ____| Fi=Fao(1+X) | 


E 
Шан 


E =y = 1(1+1-1)=1 


V=V,(1+ € X) => у = v,(1+X) 
Cao = Yao Cro = Yao Rr 
1)(6at 
- ( ) (бат) = 0.067 kmol/m? = 0.067 mol/dm? 
0.082.727. тоок) 
K.kmol 
- 1-Х 

pde Тог Б. ЦОХ) UNE 

у vo 1+Х) (1+ X) 
Св= № = Во) =Со X mol/dm? 

у vgl X) (1+ X) 

Е 

Сс= ВНЕ Fao) =C X7 mol/dm? 

у volt X) (1 X) 
Rate law: 

Е 1-Х 
ГА = КСА = КС до (1 Х) =0.067 juc*) 
(14 X) (1 X) 

If the reaction is carried out in a constant volume batch reactor, ->( 6 = 0) 
Сл = Сло(1-Х) mol/dm? | Cg = Cao X mol/dm? Cc = Cao X mol/dm? 
P3-11 (c) 


Isothermal, isobaric, catalytic gas phase oxidation, 


1 
CH, + 29 > C,H,O 


А із M 
2 


Stoichiometric table: 


Leaving 
Fa=Fao(1-X) 


їр 
И шы бї „йи Ho 2 
В” ш AO 7 = P 
AO Fro 2 Fio Fio + Бро 3 
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Р 2 бат то! 
Cao = УлоСто = Yao gy = 3 (sarn) шы 5 
С 082—— |зэж) 
ol.K 
с o Fa Бо(-Х) _ Cro (1-Х) 0092(1- X) 
^ v гү(166Х) (1-033X) (1-033Х) 


X 
F, 22541 0.046(1-Х) 
^v vo(lteX) — (1-033X) 
OF. FX _ 0.092(Х) 
v зр(+ех) (1-033Х) 


If the reaction follow elementary rate law 


Rate law: = = КС, СЗ? => m^ = k к —M—————— 


P3-11 (d) 
Isothermal, isobaric, catalytic gas phase reaction in a PBR 
СН; + 2H; > СН 
А + 28 > C 
Stoichiometric table: 


E 


E ~ 
eae | 
0, = Еро 2Е,0 2 
Fo Fio 

И У E 
YAO 

Fro Fio + Ево 3 

1 2 
е-уоб--(1-2-1)--5 
Р (1 6at 

Сло = СюУло = x) i ке B = 0.055mol / dm? 


той. 


Е, Ео(-Х) С,(1-Х) 0.055(1-Х) 


АЕК CONES 


3-12 


ee 046(1- X) 


ыг 


с 45. Ео(6-2х) 0111–Х) 
E у vo (1t £X) ü-2x] 
3 
F. FoX СХ 0055Х 
С. =— = = = 
у 


volltex) (2) (1-2x) 


Tf the reaction follow elementary rate law. 
Rate law: 


=r, '= kC, C? 


(1-х) 
~r,'=0.0007k —— —— 


22 


3 


For a fluidized CSTR: 
w Го 
=== LA ! 
Po. _ 
5х) 
0.00075 xp 


@ 


mol 


К= 53 


= - at 300K 
kgcat min atm’ 


Ej 1 1 80000 ( 1 1 то! 
k =k, exp| =| =-= | | = 5Зехрј ——=—| —~~—— | |= 1663000 —————— = 
КТТ 8.314 300 443 kgcat min atm 


Fao = Сло“ Vo 
Vo = 5 а лит 


С у. X 
У = A0"0 
(1- X) 
0.0007k —-— —— 
2 
3 
at X = 0.8 


W = 0.0024 kg of catalyst 
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РЗ-12 СОН, + 50, > CH,O 


1 
А + —В > С 
2 


Stoichiometric table for the given problem will be as follows 


En 9 
[Fy [Е 
| Ево = вЕло l- 
| 
5 Тао 1 Е 0.79 0.79 
Өр ==— = 6, ==, Fo = Ер Ө, = 0, — = 1.88 
Ко 2 Fo 0.21 0.21 
F 
"LES 0.30, E= уд =—0.15 
Fro 
уло” то1 
C oos = 0.041——— 
49 RT dm? 
Fso 1-Х) 0.0411- X) 
САЗ = др арене ~ 
у (1-4Х) | 1-0.15X 
1 1 
Е, (275€) 00201-Х) 
Ср = С” 
у 1-0.15Х 1-0.15Х 
cafe —_©м5____0041Х_ 
€ v» 1-015X 1-0.15X 
P3-13 (a) 
Let А = ОМСВ С = Nibroanaline 
В = МН; D = Ammonium Chloride 


АЖ Сыр 
-r, = kC,C, 


Ево = ФвЕло 


=6.6/1.8 Fao 
нат 
ШЕКШЕК 
P3-13 (с) 
For batch system, 
CAzNA/V ГА = КМ, М,/У? 
P3-13 (d) 
-r, = КСС, 

М, М, М F, Е 
F,=—4=—4=—40(1-X)=C,,(1-X), C, — -—- C, (1-Х 
ыш лалы. (1-Х), Ыла (1- X) 
F, = № „Хе Мосо -2X)- C, (6, -2Х), C, = = Са (6, - 2X) 

Уи 0 Vo 
-r, = КС (1–Х )(6, -2X) 

6, Cu 295467 

Сы 18 
быз 
n -8(18у (1- X )(3.67 -2х) 

P3-13 (е) 


1) МХ = 0 and T = 188°C = 461 К 


3 
то = ЁС 8, = К,СьС = 0.0017 —™ s s m вв =з 


mol min 
B = 0.0202 E | 


2) At X = 0 and T = 25C = 298К 
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E 11273 £L 
k = 0.0017 ——— — exp — 25 
kmol.min 1987 са 
mol.k 
dogs c S. 
kmol.min 


-rao = КСлоСво = 2.52 X 10? kmol/m^min 


3) 
k =k, exp Кыл 
RIT, Т 
à 1273.29. 
k =0.0017——©=——ех =o | 
oimin |1 987 C? _ 
mol K 
3 
к =0.0152— 
kmol min 


о = КС лоСво 


3 
Эн -001522 ы m [66 


kmol min m 
-n = 0.1806 mol. 

т? min 
P3-13 (f) 


ТА = КСдо (1-X)(05-2X) 


At X = 0.90 and T = 188C = 461K 
l)jatt-188C 


4 1 1 | 
— + — 
461 298 


M RCM 
461K 561K 


kmol 


=) 


3 


3 2 
>т, = (шоп 2 E e) (10.93.67 – 2(0.9)) 


2) 
At X = 0.90 and T = 25С = 298К 
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= [22x10 |e мал а) (1-0.9)(3.67 — 2(0.9)) 


т? 


e kmol 
-1.28х107-1--- 
m min 
3) 
At X = 0.90 and T = 288C = 561K 


(о 0152 а | Qmm а) (1-0.9)3.67- 2(0.9)) 


т? 
= 0. 00333 mol 
m? min 
P3-13 (g) 
v, = 2m?/min = 0.002m?/min 
DForCSTRat25C -ra = =1.28x10-° "2L 
m? min 
у = v,C,9(1- X) 
— БГАХ-09 
_ 0.002m? /minx1. 20 ХО ЕЕ 
1.28x10 22 
т min 
2)At288C, -ra = 0.00333 710! 
m? min 
V = У Сао (1 = Х) 
T l'ax-09 
3 : 3 
_ 0.002т? / minx1. шы XU e aus 
0.00333- 2”. 
m min 
P3-14 


СНО; + aO, T bNH; — c(C4 4H; 3No 3601 2) + ан;О + ёСО, 
To calculate the yields of biomass, you must first balance the reaction equation by finding the coefficients a, 
b, c, d, and e. This can be done with mass balances on each element involved in the reaction. Once all the 


coefficients are found, you can then calculate the yield coefficients by simply assuming the reaction 
proceeds to completion and calculating the ending mass of the cells. 


P3-14 (a) 
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Apply mass balance 
For C 6-4.4с-е For О 64+ 2a=1.2c+d+2e 
For N b = 0.86c For H 12 + 3b = 7.3c + 2d 


Also for C, 6(2/3) = 4 4c which gives с = 0.909 


Next we solve for e using the other carbon balance 
6 = 4.4 (0.909) + e 
е=2 


We can solve for b using the nitrogen balance 
b = 0.86c = 0.86* (0.909) 
b = 0.78 


Next we use the hydrogen balance to solve for d 
12 + 3b = 7.3c + 2d 

12 + 3(0.78) = 7.3(0.909) + 2d 

а = 3.85 

Finally we solve for a using the oxygen balance 
64 2a = 1.2c + d + 2e 


6 + 2a = 1.2(0.909) + 3.85 + 2(2) 
а = 1.47 


P3-14 (b) 


Assume 1 mole of glucose (180 g) reacts: 

У = mass of cells / mass of glucose = mass of cells / 180 g 
mass of cells = c*(molecular weight) = 0.909 mol* (91.34g/mol) 
mass of cells = 83.12 2 


Y, = 83.12 2/ 180 g 
Yu, = 0.46 


Уш2 = mass of cells / mass of О; 


If we assume 1 mole of glucose reacted, then 1.47 moles of О; are needed and 83.12 g of cells are 
produced. 


mass of О; = 1.47 mol * (32 g/mol) 
mass of O; 2 47.04 g 


Үло- 83.12 g /47.04 р 
Үл 71.77 
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P3-15 (a) 
Isothermal gas phase reaction. 


1 3 
ps ү -» NH, 
Making Н» as the basis of calculation: 


H gin ~ 3 NH, 
3 3 
Atip+ 2c 
3 3 


Stoichiometric table: 


КЕЗ change | i 
-FaoX F,-F Xj 


| Fao- Өз Fao | | Ево-, Ело | FaoX/3 | ELM Ев=Ело( 6; -X/3) 


[0  |32Б6Х/3 | Ес=ОЗ)Елох 


3 


= 0.2 mol/dm? 


C,o(1- X) 02(1-Х) 


= 0. Imol ат? 


_2 „Со -Х) 


= = 0.1то1/ ат? 
3 (1+eX) 


Р3-15 (с) 
Кор = 40 dm/mol.s 
(1) For Flow system: 


= 8.3 


ү, = 


z 


(2) For batch system, constant volume. 


“ав | 65 


РЗ-16 (а) 
Liquid phase reaction > assume constant volume 
Rate Law (reversible reaction): 


PE = ск, -&| 


с 
Stoichiometry: 


C,=C (=X), C, C, (b-X), Co CuX 


To find the equilibrium conversion, set -rą = 0, combine stoichiometry and the rate law, and solve for Xe- 


С,СуКе = Сс 

Си (-Х,) Ke = С.Х, 

xe Jy ae 
Aoc 

X, =0.80 


To find the equilibrium concentrations, substitute the equilibrium conversion into the stiochiometric 
relations. 


3-20 


о ao" “z (1–0.80) = 3 
С,-С,(1-Х)- Ын 0.80) = 0.472 
то! m 
хе 
С,=С„Х =2—— 
P3-16 (b) 
Stoichiometry: 
E= ул = (1)(3-1) =2 and 6, =0 
E № (1-Х) » (1- X) 
^ у у(њех) “(1-2Х) 
Ме. NAE. 3X 
© V V(itex) “(1+2X) 
Combine and solve for X,. 
3 
(1–Х,) _ 3x 
KC yy A =| Ca T 
ov? (2x) | ^(1«2x,) 
K. (1- X,)(14 2X, ) =27C2,X? 
{+ En jc +3Х, 4120 
К, 
Х, =0.58 
Equilibrium concentrations: 
Сре zt E ER = 305755 
с (ок) о 08297 ат Ч 
mol K 
C, =0.305— dne 059 7227 
(1+2(0. 58) - dm 
Ж 3(0.58) (0.305) 2, mol 
(14 2(0.58)) dm? 
P3-16 (c) 


Same reaction, rate law, and initial concentration as part (b) gas phase, batch reaction. 


321 


славина иин а а 


Stoichiometry: 


№, _ Мю (1-Х) 


T y -С.(1-Х) 
Х 
бый Ма n 
УУ 


Combine and solve for X, 


К.С (1- Х, ) ЗА (ЗС y 


X, = 0.39 
Equilibrium concentrations 
C, = (0.305)(1—0.39) = 0.19. 
ат 
то! 


Се = (0.305) (0.39) = 0.36——; 


Gas phase reaction in a constant pressure, batch reactor 
Rate law (reversible reaction): 


3 
eh ZB a 
C 


Stoichiometry: 


E= ул = (1)(3-1) 2 2 and 6, =0 


LN, Май-Х) 6 (1-3) 
C, E E = С» 
У W(1veX) (1-2Х) 
Мо. Ээ х Х 


Combine and solve for Х;: 


KC is (1- X,) 4 


1+2Х, 1+2X, 


X, =0.58 


Equilibrium concentrations: 
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m C —— — ——— —————— ——— — КА ЗЕЙЕ:®. 


_ 0.305(1-0.58) _ mol 


^ 1+2(058) |. dm 
= 3(0.305) (0.58) _ ҚР” 22 
1+2(0.58) dm 


P3-17 


Given: Gas phase reaction A + B > 8C ina batch reactor fitted with a piston such that 
У = 0.1% 


3 
lb mol" sec 


=r, = kC2C, 

Nao = Ngo at t= 0 

Vo = 0.15 fe 

T = 140°C = 600°R = Constant 


2 


V. P. 
Now V «.—2-9 (1+ £X) and 7-1, Р, =107, and P «10V 


Therefore И (1+ ЕХ) o У? = у; (1- eX) 


N, = NA [1-Х] Му = NA 0,-X] eue 


kN2N, М [1-Х] Р 
ыза Мы, | No = (328 V, 
у, (1+2Х )2 


Therefore 
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VEE EPERE AEA E E 


5Ї- Х| lb mol 


P3-17 (b) 


V? = у (1+ eX) 
0.2? 20.15" (1+ eX) 
X =0.259 


=r, = у 201 


3 


алата ата 


P3-18 No solution will be given. 
P3-19 wo solution will be given. 
P3-20 wo solution will be given. 
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м Inw T AT 


777558 1.871802 300 0.002333 In W vs 1/7 | 
13 2.554949 310 0.003226 | 35 PEDE DE сананы ыза ыы хн ИЙ 
18 2.880372 313 0.003195 з 

25 
ж 2 | 
= 
718 y = -7120.4x + 25.593 | 
i R? = 0.9893 
оз 
о тона аи етан 
0.00315 0.0032 0.00325 0.0033 0.00335 
тк 


From the graph: 
Ez 7120 


1 
InW = —71204*| — ————— |+ 25.593 «2. 
Сез гарцаа 


W(41.5*C) = 19:2em/ s 


CDP3-B 
Polanyi equation: E = C – a(-AHg) 
We have to calculate E for the reaction 
СН; + RBr > CH3Br + R° 
Given: АН = - 6 kcal/mol 
From the given data table, we get 
6.8 = C ~ a(17.5) 
and 6.0= C-a(20) 
=> С = 12.4 KJ/mol and а = 0.32 
Using these values, and АН = - 6 kcal/mol, we get E = 10.48 KJ/mol 


A OOOOEOESALLUEco g—AALOHLADL.ALLuL;; S »——————————— 


CDP3-C (a) 
А ЭВ 
Rate law at low temperature: — F4 = kC A 


The rate law t higher temperature must: 
1) Satisfy thermodynamics relationships at equilibrium, and 
2) Reduce to irreversible rate law when the concentration of one or more of the reaction products is zero. 


С. 
Also, We know, K po Ве 
Cae 
С 
Rearranging, we get C Age Be 0 
K C 
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С 
= 2028. 
So, lets assume rate law as — и = k A C A 
C 


Also when Ср = 0, it satisfies the given rate law. Hence the proposed rate law is correct. 


CDP3-C (b) 
А +2B > 2D 
1/2 
Rate law at low temperature: =r; = kC A C B 
2 
C 
Here, K c7 De 2 
C Cp, 
2 
2 С 
СА С ве шиг 0 
К С 
2 
2 _ Ср, 


But it does not satisfy the irreversible rate law at low temperatures. 
Hence it is not correct 
So, taking square root of Kc 


C 1/2 C 
Ke D ed Qu Cy De. () 
| C us : 8 V Kc 
Ср, 


Which satisfies the irreversible rate law. 
Hence it is the required rate law. 


CDP3-C (c) 
A+B>C+D 
| | kP, P, 
Irreversible rate law: — Г = 
1+ КАР, 4 КьР, 
P-P P-P 
We know, Kp = CD or PP, ao uo 
ВТА Р 
Hence assume rate law as: 
Р.Р, 


_ 1+ КАР, + КР, + К.Р. + КЪР, 


Which satisfies both the above mentioned conditions. 


ТА 
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а) 


b) 


с) 


1) 


4NER, + 50, -=> 4NO + $840 
Y = 0.15 2=8.2 atm T = 227°C = 500К 
NH 
3,0 
Assuming ideal gas law 
= Р 
Со = ў ж т Е = 0.2 gmol/1 
o о 0.082 Sg (500K) 
Сын ж Хан Cro = (0.15)(0.2 gmol/1) = 0.03 £mol/1 
3,0 3,0 
5 3 3 
NH. +40. —> NO + т #0 
Compound Symbol Initial Change Final 
Р, А С.15 -0.15Х 0.15(1-X) 
0 B 0.18 ~ 340.155) 0.18- 250-150) 
2 4 4 
мо С © *0.15X 0.15X 
3 3 
8,0 D 0 + 2(0-15X) * 2(0-15X) 
м. I 0.67 © 0.67 
Total T 1.00 + ll4(0.131) а + 1/4(0.151) 
Initial к, ж 0,79(1-0.15) = 0.79(0.85) ж 0.67 
Initial 0, = 0.85-0.67-0.1Я 


лі 
Pi зж y,P ron e 8.2 atm С 


ті 


^1-*0.15/4 X A 


г ЗИНИН 
1-10,15/411 


8.2 да 
1 m xni mA gg e e 
82 gmopex 500) 
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ЫГ 
1+0. .15/4 1 


2 "n. Pi (atm) 


i ei 
А 0.15(1-X) 1.23 — e 0.03 2. 
1«[0.15/4]X +03 0.157411 


ate 


А " 
В 08-2 0,18-5/4(0,151). 
Мере а Пе 


с 015X | жадысы ын оозх/ њу 
0151. 4 
1.12 |х 
о toas 1.83 БЕБЕ 0.0457 (124 о 
T 0.61 4.49 = база ыы. 3} 
| шанд 
check Flor = 1*(0.15/4)1 


"Gier 


А 240225 у) 


4) Созасазс volume 


С, - 0,2 ЫН 
Р, = CRI = (0.082) (500) (02), = 8.2 ny 
ї КА бұ Ч. 
4, | 0.14$(1-X) | 0.03 ЖЕТ | 1.23 (1-2) 
в ол18 - 2 (0.130) 0.026 - 0210 = 8.20.18 - 4 (0.152) 
c 0.15 X 0.03 X 1.23 X 
D 3. (0.13х) 0.045 X 1.85 1 
1 0.67 0.133 | 5.49. 
0.199 + 0.0031 ГЕ = 0.313 X 
- 0.2 (1 + 2222 x) 
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(0 036 ~ 5.24 D/U + 9,15 x) 


3) Same xt (1) 
d) 4А-5В8-40-6р 


Mole balance for а РЕК. 


dF, 


ДЕ ¢ 
dV 
dF , 
dV 


= “кє 


-—F 


Rate Law(assume elementary): 
-rzkC,C, 


Combine with equation 3-40 and 3-48 
9 4 5 
Lr ЕГЕТЕ | аг Ка | | 2 BO 
dV RT, || Е, ЊЕ, ФЕ; || Ry ЖЕ, + Ес 


9 4 5 
GPs 5, ro. шы гэлэн mo 00И 
dV 4 |RT; || Etf tFe || Ati + Р 


9 + 55 
ш--Е Fro. para Pit M 
RT, || Ё, ТЕ; the || Е ТЕ Ес 
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CDP3-E 


А + 2B —> C+D 


ето Symbol Iniialmoles Change Final moles Concentration 
Benzoyl chioride А Nao -М лох Nao(l-X) Nagc(1-XyV 
Ainrnonia B N A082 -2NaoX М AQ(8pg-2X) N ло(Өҙ хуу 
Benzylamide С Млодс МАХ  Мло(9с+Х) — Мло(ве+хуу 
Auznonium Chloride D Маодђ Млох Nao(p*X) — NAp(0p*XYV 


b) Cio = N/V = 2 gmol/1 


AQ 
ва = Сво/Сло м 6/2-3 дА. = Nm 
120.23 ч, 
" | 0 
Final conc. of ammonia = EN (9,-21)92(3-2(0.25))-5:до1/1 
ЧД 


Final conc. of benzylamida = ~ (8 41) = 2 (0 + 0,25) = 0,5 gmol/l 


c) Stoichiometric table for 2 flow system using ammonia as the basis 
À C D 
yee) Ss 
4 2 2 
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Species | Symbol Entering Change Exit Concentration 


285 | В Fao -FgoX Ево(1-Х) Ево(1-ХУ/У, 
enzo chloride А ФАЕво  -FmoX/2  Fgo(0,-X/2) Ево(Өв-Уг.)/че 
Benzylamide -C ФСЕво FpoX/2 Ево(9с+Х/2)  Faol(8ct+h/vo 


Ammonium Chloride р OpFmo  FgoX/2  Fpo(8p-X/2) Ево(вр Урук 


Table for the flow system using ammonia as the basis is different from the 


original in the following ways. 


1) Molar flow rates considered rather than number of moles. 
2) 9, = Fiol Ево" as opposed to М. Nao 


3) Concentration found by dividing the exiting molar flow rate vy the 


volumetric flow rate v , 
о 


CDP3-F 
Given : А + B — С taking place in в square duct. 


Р. = 1 atm. = constant 


105 £t? /(1b.mole)(see.) 


"T 
L| 


То = 5409Ё = 100C?R 


P. = 0.25 atm. 


+ 
% 


= 1.5 lb шо16/56с. 


(a) IEB is at equilibrium in the gas phase throughout the reactor 


тэвдэж 
g 


P 

B ж > + 
с, = үү” constant. Since B maintains its equilibrium vapor pressure 
throughout the reactor, as soon as 1 molecule of B is consumed by the reactions 


it is replaced by а molecule of B in the liquid. Нерсе, 5 = 1 — 1= 0,2 = 1,0% 
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эт = ҰОС 


ТА А Са = Е Cao Cot 17315 Just inside the reactor, 


улоћо Ogo о 


йг 
ж- теснее йг 


Cio = ET ET 


ер А 
« | ‚ Га 1-1 
7. -ra = Е Сдбр = К gol твој ті O 


(b) Ас ДХ ~ 0,5 


109667 


= г (.25 аїш)(.75 atm) 
А (lbmole) (sec) 


^E beagle. 


~~~] 10.5) = ,174 


3 
atm ft " 10009g)? ft' sec. 


lb mole *R 


pu i t a ERAS 


3 Si HCl + 3H; — 251 (S)  THCI + Si Hy Cl; 
Take $; НСІ; as basis 


Si HCl + H4 — 2. Si (5) + 3 на er 5їН:С1, 


SHCh() А Fio Fax ЕА =Ело (2X) 
Н (8) B Fao-0&Fo -ҒаоХ Ев = Рло(вв - X) 
НС (g) С 0 +ТЕОХ Е = қо X 
5,/Не:Сп( D 0 ФЇБОХ | Fp = : Едо X 
5; (s) S 0 2 FAoX- ix 
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Assume isothermal and constant pressure. Neglect the vapor pressure of Si(s) 


Өң = 1 Stoichiomeric feed 

9 only involves the changes in gas phase | 
= z 45 y» E 

Е = Удо O эрэг 1 1) 


= | Ро 22212 гол ТА Ас € РЫ | 
Сао Уло gi 79 бое Cao = 0.0088 mol/dm 


- ~ == жант е је 


Ca = БА = со, 0.0088 (1 - X) 


v ПЕ ^^ ТВ 
са = Fa = с, (9в-Х) _ 9.0088 (1-Х) 
v All a EX) 1-X/3 
с = Fe = 2 FX 1c хүрд = жаа ИК 
Се о Зои +=Х) 32 A SE + X/3) 
Pd ou X 
Ср == = 2. 0.0031—2 
Зи, @. ее 
у Зу,144Х) 1+ МА 


inc solution to parts (b) and (c) 


b) 25; HCl; + 2H; -> $; (5) + 3HCI + S; НСІ 


©) 25; НСВ — S; + 2HCl + S; HCl, 
аге simular to Part (a). 


CDP3-H 


4 ci, + СЕ, 


T = 7590 = 348 Е 


T CCl, + 4HC1 
Р = 950 kPa = 9.39 аса 


Cl, vapor pressure = 95 kPa = 0.94 atm = Ру 
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E. F. E, 
i i і 


С жө а orn ere др ки 
~“ 


i v (1+:%) v 
a 


: : ї : , 4 , 
So жа сап use the stoichiometric table, substituting C's far F's 


i F, e. 
А 112523) СТ) 
В 4402-20 У 
5 Fao 5 io Š 
> зэр. да 
5 Fio 5 Cio 
where Cia = 0.0658 gmol/Il and Fis = 0.02631 gmol/s 
After condensation 
ME: ЯРЬ. boe , 5-х 
Е о 5 Fro (0.90) а 4.5 
Р. F. Mota: ас X 0.5 (beginning of 
Ши энийг — Ou condensation) С. = C! 
y Те (5-2) 1 i 
M NNUS И АИ АИ ROLE 
А "SFaeFaoX | Cao( 1-X)(4.5)/ (5-Х) 
В Fao(5-X) AC ло(1-Х)(4.5)/ (5-Х) 
C AFAoX 4CaoX(4.5)/(5-X) 
“0 01Е0(5-Х)/0.9 _ Сл(5-Х/45У6-ХУ9-0.5Сао | 
Total "Bao(3« X) FaAo(5-X)9 Сло(5- хуу 2/40.5 


where Б. = 0.02631 gmol/S and С 


АО 0.0558 gmol/ 


АО 
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Р 
У 5 


Staich Table сна + 4ct, --> АНС1 + CCL, 


Assume зсоісћіомесдіс fesd БА 


Before Condensation After Condensztion 
Species Symbo Та Change Р, 5 Py remaining Р, = P, xemsininyg 
cH, A Fao Ей Fy - Fg 7X) РАСТ) 
Cl, B ЗЕ о ~4F со Fa м 4E 032) 4F g C173) 
ECL, е о +48 ох Ес ~ 4F лох 4F лох 
ect, Dig) 0 um Р = F ох 0.10Ё, 
061) о == = ... 
Fig = ЗЕ, Fr = 5 Fio ЕТЕ РАХО .10Ет 
, Е (5-1) 
E AO | 


T" 0.90 


When condensation first begins Fy = Ер 


(5-1) 
5 Ёо Fao 907 ^7 5, = 0.50 


gz m Уу? 5 = 0 —? e = 0 


Total concentration is constant 


Р 
TEN 8 _ ____5.39 аса — = 0.329 3991 
a : 
Тә ЕТ. 0.08205 ата 115 2348 Е TE 
125 
1 0.329 
Cio та ras ж “Эф әлегі ж 0,0658 gmol/l 


Fro = Сао Yo = (0.0658) gmol/l (0.4) 1/з = 0.02631 gmol/s 
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CDP3-I 


C Be + 285, (4) =) С.Е (5,1) + 28В:(4) 


r Цэг» 
T + 200°C 44111 Р s 2500 ҰРа = 24.7 atm; ? с E Br, а 505.5 kPa 


Y 506,5 
= < а Hi 3 
Үр: р * 2500 ^7 


3toich table 
Hc(g) + 2 Br,(g) --> 2 НВс(щ) + с.н Be tgal) 


assumée stoichiometric feed 


Species | Symbol In Change F; before F'; After condensation Pp = 
condensation Pp Py remaining 
Ec ————— ОХ Сү remaining | ———— —MÓ— —— e аанай лай P 
CoHe A Fao Fao% = Fao(1-X) Fao(1-X) 
Br; B 2F ap -2F ох а = 2FAo(1-X) 2FAg(1-X 
HBr C 0 2Е ох ёт == 2PAoX 2F aox 
CoH4Br, Dg) 0 FaoX p = Блох. 0.203Ё°т 
E МИНИ: зы ш a TE PCR 
Ето = 3F ao Ет = ЗЕло Fux 3FAp-FAoX40.203F" 1 
Ро 
When condensation first begins ын = Fr I = 70.1917 


Бус? 3-3) 


Зло = 70.197 


--> Хе = 0.509 


Before condensation 
= > ¥ 595 а 0 —> к э 0 


aT = AP = 0 бо total concentration is constant 
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Р — 


Co = С ы: 2 „24.7 абв. 
* To R 0.08205 Іш lit 

77 77-7 gmol Е 
ШЕ. 0.673 


AO " 3 "To" 3 


-€————— x: (0,813 gnol/l 


x 473 & 


zncl/l = 0.212 gmol/l 


С; 

Cao(1-X)(2.39/(3-X) 

2CaAo(1-X)(2.39(3-X) 

2CA( X)2.39)/-X) 
_Са0(0.609) 2 


А Faxi% 

B Fa -Х) 

C aX 

D a Lecce PARA dS e. enc 
“Total Fag(3-X/0.797 


where Ро a 0.106 ;ло1/5 and Сі = 0.212 $uol/l 


ї к қ Ёс Fy Fy ©, 
кеі?» gnalls ГЭРТЭЭ РУЕДА 59917 в ува 171 

тэ» ЛЕ: M с 00-09 

9.106 9.211 о 9.118 9.211 
92 9.045 8.178 8.041 8.011 0,111 9.110 
9.4 0.044 0.127 9.05 0.042 8.314 9.127 
9.609 0.041 0.031 9.115 0.264 2.113 0.013 

(1-13 ЈЕ (1:1312,3э) 

ї Ри ағда-а оқы үз бит Сао (31-04 
2.609 0,041 9.081 0.129 2,06: 0.318 0.011 
3.1 0.011 0,041 8,118 0,059 9.193 6.037 
1.2 ° 9 9.111 6.954 0,166 0 
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^ Се | Sa 


T 1221/1 РА 

16 а“ ic ї с? 
0.424 E a 

9.129 8.0943 0.041 
9.234 9.179 0.924 
2.231 5.129 

кыр о с" 
9.158 9.113 
0.312 d.109 
9 0.325 0.059 


P. 
i P. Fi 


v ye pert) о. 
(9) 


So we can first use the stoichiometric table, substituting C's for F's 


X cm 
Á Fio! 1-3) СА) 

E 2501-90 2С 007275) 
c ЗЕ AQ X ac AO x 
ib nc таты” Nr M 

Total 3 УС 3 Cao 


where Fi, = 0.106 gmol/s and Cao = 0-212 £mol/s | 
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ро” Fao (3-X) |, (3-3) 
эв. чу ee aY А 0.791 a 2.39 
M o Бус о ЗЕ, 0 
о Е, 2,49) 
с, = Y v (3-X) 


С (атол) кй 


00 9: 02 03 04 05 04 67 93 93 14 


x 
8,4 


F (901/9) 


990 0! 02 05 44 05 ол 97 да 03 19 
Х 


——————— ————MÀ—' 


CDP3-J 
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Yao = 0.5 
E= уд =0.5(1+12--3--4)=3 


; А 
р \ 1Р 
С ао = УлаСто E 3 un - аа — = 6.18%107 
8314 


= 3 
: DM. Вок 
mol ЋЕ 
_ Со @-Х) _ 6.18*10*(i- X) 
: 1+ eX 1+3X 
1.68* aoi 4Х 
сы ЕТСЕ ЕБИ 
2 1+3Х 
_ 2.06710 
TU e RAE 
_ 2:4 47% 7% ON X 
Со = 5 
ЕЕЕ 
С ло = Удо Сто = О. 4 a J- 0.5 — 2. зөөн Іш 6.18 *1075 
цаг вза Раат, узр 
[*k 
с Cao 20-Х). _ 6.18*107 (1 X) 
AUN deut 1432 


1.6810 (1-9) 


С», =————- 


TET 

Co = 2.06 * LO" X 
ГИ + ЗА 

В 2.47 “107 X 

Со = RR 
H 3X 
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CDP3-K 


(c) 


k 
CH G2 + 2 CL,G) “ЭЭ CH CL, (8,1) + 2801) 


Conzonzat Symbol Aairial moles Ehanzz Our. 
C12 Á 1.0 -x 1-I 
CH4 E 0.5 -0.5X 0.5(1-X) 

CE2C12 e 0 +0.5Х 0.5X 
HCL D 0 +X 1 
Total T 1.5 1.5 

5 = i - ве z = 

1%2-1-2-«0; Yap = 1.9 


z= у, б = 0 


Зутсахл is gas phase until P. = 400 mmHg 
ыз. (760) = 400 


^o = 1.5789 mew) CH, ci, does not condanse at 1 atm. 


dm? 1 


| 1 
k 0.2 asia: 5 ~~) Jgd order 
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Р 


5а) C iD uit. RIS 


“so " 1.5 " 0.08206 138.7 " 0.02724 5%. 
dm 
| | d 1 
C, = С, (1-Х,) = 0.02724 (1-0.6) = 0.01090 А91 
А = Сад А 3 


"E 3 3 3 
(e) к, = 2 Е Сао (1-5,) 


(0.27(0.02724)3 (1-0.6)3 


(ЕУ А exp (~ Е? 


үн 
H 
ы 
н 
ја 
о 


о 
% 
ы 

it 
ы 
н 
ы 
о 


ша есине: НИНУ 
exP (5.514) (28s cay? (ас 25°С 


Св) At 10090 = 373.2 ок 


199 ( ( 1 
ЕС S OMNE ба E 
сэр р В '373.2 238.2)? = 409.8 


2 
ж. 


100ФС OP mol. а 
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Solutions for Chapter 4 - Isothermal Reactor Design 


Р4-1 Individualized solution. 


P4-2 (a) 
Cooking food (effect of temperature), removing of stains with bleach (effect of bleach conc.), dissolution of 
sugar in coffee or tea. 


P4-2 (b) Example 4-1 


There would be no error! The initial liquid phase concentration remains the same. 


P4-2 (c) Example 4-2 
For 50% conversion, X = 0.5 and К = 0.31 1min! 


3 
Едо = £c = odor =12.27lbmol / min Also, Vig = 27 = шаа 
Х 05 С min 


Vo = Удо + Уво = 2Удо and also, Удо = Увс 
у= 24.52 ft/min 
Using Mole Balance, 
XX _2452х0.5 
k(1- X) | 0.311(0.5) 
= 592 gal 


This is less volume than Example 4-2 because the rate is higher. 


= 78.93 


Р4-2 (а) Ехатрје 4-3 
For Р = 60atm, 


Р 60 
Cao = 0.0415 оС (Со = ылы, ИЕ 
RT, 0.73х1980 
Using equation E-4-3.6, for X = 0.8 
We see that the only thing that changes is Cao and it increases by a factor of 10, therby decreasing the 
volume by a factor of 10. 


Ves — 
P 


P4-2 (e) Example 4-4 
New D, = 3004 


Because the flow is turbulent 


4-1 


1 
ET 


р 


р 1 
р2 
- = 0.0775 —— = 0.1033 
А-А D, 0.75 
i 
"m. 2.0.1032 .б0 | | 
y =| 1-—— | = (= =з = (—0.24)2 
P, 10atm 
28,1, 
Now 1— ——— < 0, so too much pressure drop Р = 0 and the flow stops. 
P4-2 (f) Example 4-5 


For without pressure drop, conversion will remain same as example X = 0.82. 
With Pressure drop, 
а, = Že = 0.003786 ^ 
10 

For decrease in diameter, 
Bo = 2х0.01244[266.9х2+12920.8] 

= 334.756 fÊ = 334.75(16/83)х1/144( п?) х1/14.7(ацо/( Ib/in?)) = 0.158 14atm/ft 

= 52.71 kPa/m 


For turbulent flow: 
1 1 p,D 
Ё ~ — and a - — = а, = а 9 
D, R 02 D, 


КС оу í _ ОМ 


X = 0.8136 — virtually the same 


(2) Optimum diameter would be larger 


а = 0.037 x п 
25.8 


= 0.0756kg ^ 


if Dp, -20 


4-2 


QW 


1- -1-aW =1- (0.037)(27.5) = –0.0175 


Now 1-aW < 0, too much pressure drop due to higher superficial velocity. 


P4-2 (g) Example 4-6 


For turbulent flow 


1 1 
4 ~ — and а~— 
Р 


2 
Dp, Б, 1 
5 


29 


Therefore there is no change. 


P4-2 (h) Exmple 4-7 
For pressure doubled and temperature decrease 
Сто = 2*PJRT and T = 688K 


See Polymath program P4-2-h.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


у 0 0 1.0E-04 
Fa 2.26E-04 1.363E-05 2.26E-04 
Fb 0 0 2.124E-04 
Fc 0 0 1.062E-04 
E 2.4Е-04 2.4Е+04 2.4Е%04 

т 688 688 688 

Cto 0.573773 0.573773 0.573773 
Ft 2.26E-04 2.26E-04 3.322Е-04 
Са 0.573773 0.0236075 0.573773 
k 213.40078 213.40078 213.40078 
ra -70.254837 -70.254837 -0.1189309 
Fao 2.26Е-04 2.26Е-04 2.26Е-04 
rb 70.254837 0.1189309 70.254837 
vo 3.939E-04 3.939Е-04 3.939Е-04 
rc 35.127419 0.0594654 35.127419 
x 0 0 0.9395277 
Таш 0 0 0.253044 
rateA 70.254837 0.1189309 70.254837 


ODE Report (RKF45) 


1. 
i3 
2. 
1. 
2. 


final value 


0Е-04 
363E-05 
124E-04 
062E-04 
4E+04 


688 


0. 
3. 
0. 


573773 
322Е-04 
0236075 


213.40078 


-0. 


оооошо м 


1189309 


.26Е-04 
.1189309 
.939Е-04 
. 0594654 
.9395277 
.253044 
.1189309 


Differential equations as entered by the user 
[1] d(Fayd(V) = ra 
[2] d(Fbyd(V) = rb 
(31 d(Foyd(V) = rc 


Explicit equations as entered by the user 
11 Е = 24000 

2j T2688 

3] Cto = 2*1641/8.314/T 

[4] Ft=Fa+Fb+Fec 

5j Са = Cto*Fa/Ft 

61 k=0.29*exp(E/1.987*(1/500-1/T)) 
[7] га = -к*Са^2 

81 Fao = 0.000226 


9] rb=-ra 
10] мо =Fao/Cto 
111 rc--ra/2 


12] Х-1-Ға/Ғао 
13] Tau=V/vo 
14] rateA=-ra 


0.0е-0---------- — 
0.0е+0 2.06-5 4.06-5,, 6.0е-5 3.0е-5  1.0e-4 


P4-2 (i) Example 4-8 Individualized solution. 


P4-2 (j) Example 4-9 
Using trial and error, we get maximum feed rate of В = 0.0251dm’/s to keep concentration of B 
0.01 то/ат?. 


See Polymath program P4-2-j.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 500 500 
ca 0.05 0.0063485 0.05 0.0063485 
cb 0 0 0.009981 0.009981 


4-4 


сс 0 0 0.0078965 0.0078965 

са 0 0 0.0078965 0.0078965 

k 0.22 0.22 0.22 0.22 

“00 0.0251 0.0251 0.0251 0.0251 

сро 0.025 0.025 0.025 0.025 

v0 5 5 5 5 

cad 0.05 0.05 0.05 0.05 

rate 0 0 3.91Е-05 1.394E-05 

у 5 5 17.55 17.55 

х 0 0 0.5543321 0.5543321Differential 


equations as entered by the user 
[1] d(ca)/d(t) = -k*ca*cb-vOO*ca/v 
[2] d(cb)/d(t) = -k*ca*cb--vOO*(cbO-cb)/v 
[3] d(cc)/d(t) = k*ca*cb-v00*cc/v 0.010 
[4] d(cdyd(t) = k*ca*cb-vOO*cd/v 


Explicit equations as entered by the user 0.008 

[1] К=.22 

[2] v00 = 0.0251 | 

ІЗІ cb0 = 0.025 0.006 

141 vO=5 

[5] ca0 = 0.05 x 

[6] rate = k*ca*cb 0.004 

[7] v = vO--vOO*t 

[8] х= (ca0*vO-ca*v)/(ca0*vO) 0.002 
If the concentration of A is tripled the T | | 
maximum feed rate becomes 0.000. 100 200 300 400 500 


0.064 dm?/s t 


Р4-2 (К through г) Individualized solution. 


————————— M НИ ИН 


P4-3 solution is in the decoding algorithm given with the modules. 


—ÁM M À——— — M — M — —' 


Р4-4 


We have to find the time required to cook spaghetti in Cuzco, Peru. 


Time (min) 


Ann Arbor 
Boulder 


Assume reaction is zero order with respect to spaghetti conversion: 


ас, 
dt 


-E 
=r, =k = Ae™ =- 
so that 


4-5 


-Е 


5 Em 
– С =| Ae |t 


Сад 
For complete conversion (i.e.: well cooked) Ca = 0 at time t. 
Therefore 
ZE 
С, = Пе“ 
-E 
бу гет 
С Е 1 
In| = |= Ink = Int - — 
A R T, 


Now, plot the natural log of the cooking time versus 1/T, and get a linear relationship. Extrapolation to T, = 
88.3°С = 361.45 К yields t = 21 minutes. 


21-1. x Cuzco 
| 
| 
| 
Cin t) ын х Bouldar 
ш X Aan Arbor 
| 
ЖЕЛЕ АЛЕ ОСЫ rr ir s а жа. 
2.69 2.12 2.167 GC zio ҮЛ) 
T. 


———————————MMM—————————————M———————————— — 


4-6 


ABC Сла = Сва 2 пон? К = 0,07 dm'/mol/min 
Mam ма = 5 Зиа Ед = 20,000 cal/mol 


T, = 300K 
Rate Law: га=-КСАСЬ Cr=Cag (1X) Carey 
CSTR \=200 Зи? — T=350 Е 


Using the Arrhenius equation at the CSTR temperature of 3508. yields the new өресіне 
reaction rate. 


20,000/ 1 o 
„Обер Г2 ы. 
k= 0.О?ехр- 067 1308 356) 


К = 8,454ш ший - min 


CSTR Design Equation: AO Ига F o 


У (ЕС? (1- Xy 
X= у(#б%(-х)/) 
10 
dm? 
A үгө АЧ лээн rn эн 
_ COOR NBAS o ара OW ху 
jos 
jd bet e: .. min 
From the quadratic equation: "Х=0.925 
РВЕ У-800 dm? T=300K 
Design Equation: | | 
ax 
F тү = “Fy 
ах _ т _ Cio- XY 
dV Fo F Ao 
dm? "m 
[DU eire T s em Gs xy 
dX =——me mn ат ау 
NE 
min 
E Eo 
1-Х Е, 
Х=0.85 


So, considering the above results, we will choose a CSTR. 


P4-5 (b) 
Batch Reactor V-200dm^ Мдо=Мво=200 moles X=0.90 Assume Isothermal 


Design Equation: 


ja p. 
ey p 
(200moles) x dX 
= dm? mol Y | 0-Х) 
йы == ТЕЗ (2004) 
mol* min А dm 
t — 1.06 min 
P4-5 (c) 
Т-273К 
Find the specific reaction rate at ће new temperature of 273 K using the Arrhenius Equation. 
k = 2.54x10? 
(200)09) 


= as = 3543 min = 2.5days 
2.54х107 (200) d 


P4-5 (d) 


1) CSTR and РЕК are connected in series: 


X 


шин 10mol / min 


Solving the quadratic equation, Хезтк = 0.44 


For РЕВ, 
а, 
а” 
3 . t = 2 
dX = ОО no ш ioe dV 
10 mole / min 
| ЛО СИ лаа врат ан (CAN 
и 0— XY 10mole / min 
X «0.736 


2) when CSTR and PFR are connected in parallel, 
_ (200dm? Y(0.07dm / топит той! dm? y (4 - ХУ 


5mol / min. 
Xcsrr = 0.56 


_ 200dm Х0.07ат / топ пи) то / ат 0 — Xy 


Еог РЕЕ, 


|= ах _ (0. 074т? / то лит) топ / dm? Y (800dm? іт”) 
ОХ y, 5mol / min 
XprR = 0.92 


0.56+0.92 _ 


Hence, final conversion X = 


P4-5 (e) 


To process the same amount of species A, the batch reactor must handle 


3 . 
эм | 50". ЕЕ 24h | 1440022} 
hr day day 


If the reactants are in the same concentrations as in the flow reactors, then 


3 
у = 14400722 || 141 | -14400 d 
дау mol day 


So the batch reactor must be able to process 14400 dm? every 24 hours. 


Now we find the time required to reach 90% conversion. Assume the reaction temperature is 300K. 


dX -ny АС,(1-Х)У 


dt № Му 
М X N 
f, === „апа since — 80 = C, 
ҮЕС? 1-Х V 
1 X 1 0.9 
te =—— = 2 = S 
kC,, 1-Х 42. dn а = 0.1 
mol -hr dm 
Assume that it takes three hours to fill, empty, and heat to the reaction temperature. 
= 3 hours 
боа = tr + te 


бош = 2. 14hours + 3 hours = 5.14 hours. 


Therefore, we can run 4 batches in a day and the necessary reactor volume is 


НОО” L 360d 3 


Е a ——— ————————Á——— —— ——— HQ 


Referring to Table 1-1 and noting that 3600 dm? is about 1000 gallons, we see that the price would be 
approximately $85,000 for the reactor. 


P4-5 (f) 

The points of the problem are: 
1) To note the significant differences in processing times at different temperatures (i.e. 
compare part (b) and (c)). 
2) That the reaction is so fast at 77°C that a batch reactor is not appropriate. One minute to react 
and 180 to fill and empty. 
3) Not to be confused by irrelevant information. It does not matter if the reactor is red or black. 


P4-6 (a) 
а 
a + CQHSOH ~ 9 + HO 
Pi s b бы. гр Cy 7 
{ о С о-с.Н9 
| 
l А o 
E HOS “Н „ес н, 
© 
MBP + butanol -> DBP + water 


| Emering 0 „Өш емш | 
[EFX | 


entering Бъларо = 5 ЕМВРО 


p" P Њу А . 
ЧА = КСА Св elementary reaction 
- 48:34 УТ” ied 2 ~ » . 
РА = К (FAS) ҒдАУ for liquid systems 


Medi pl : volumeuic flow v= 00 


| 44 7 E Сло 0X0 6-Х) 


y ЁС =4 х 106 ib/yr , 304 / yr operation 


| $1 1уг Id еше | 
Бета х 10° B, LY mol 
SOOO TS ус 304 34 х 2781b = 20.048 


Бал амнаадысы „20м 
ИТ. с. (zs Ibmole 


lomoleshr 


ын) (1-X) (5-X) 
X?.6X1.9 =0 
Х = 0.33 


P4-6 (b) 


To increase conversion, use PFR, higher temperature, or use better catalyst. 


P4-6 (c) 
“ra 
ын ТА = Св 
; қ = llumob 460 то 
5 Са БӘРІДЕ bx X) Ё аде === m тесте 
Fag 
C. 
Ела C 7) 
Е 


Р4-6 (а) 
FR Design Equation 
dX -т, 
dV Е, 
ах _ kCAü-XX5—-X) 
= шах сэн 


V = 535dm? 


P4-6 (e) 


Mw (DBP) = 278 ЊАбгрој М=1000ға] = [33.7 fr 


therefore 14.4 X 107 Било of DBP need to be produced in 30 days 


„6“ ^ "x 51- тұ y 
The above equation eus the reaction time for a batch and the conversion 
achieved during that batch. There is a trade-off between high conversion and few 
batches and low conversion but many batches per day. What conversion will 
result in the smallest number of reactors? 


Мо = 133.7 Ё? * Cao (00 Cao 2 02lbmol/ fi? 
Product | NX *24hr МХА. Ма 
Teaéctor ж day | Í parch us +3 
Moleproduct 4% 10*Ibs Ibmol = 480.791 
day 30days 278: | дау 


F(X) ymol 1 day | reactor 


25 санан: МИНИИ өлөн ~] 
20 | 

1 
Li f i 
= 10 b | 
27 | 
ы ИЦ 26 1 
5 | ЕР | 
б ПИ 
ü 0.2 04 0.6 0.8 1 

Х--» 


The minimum occurs at X = 0.82 and corresponds to 4.192 or 5 reactors 


P4-6 (f) Individualized solution 
P4-6 (g) Individualized solution 
P4-6 (h) Individualized solution 


P4-7 (a) 


4-12 


—À 


Elementary gas phase reaction. 
А-842С 


. (l= 
C, eC 0120. £5 yao (21-222 


р 10 то! 
Can а 80... 
^? RT (00825400) VU 


(54 


ғар Ж 


1 
„Гао ерп. ~ eX 
“тү к түтү | 


m Fag (2 (1%ЕХ), 
=тА КСло (1-Х) 


ғ 
1 ” > 
pon 22 шоо (142)in—+ -18| 
“(он 4 min “Yo3molfam 3) 1-.9 

= [189.4 ап? 5.11) 

У = 967 dm? 
P4-7 (b) 
Ve FaoX(1ezX) 
Сл = X) 
85007 1 1 
ke "RU 888) «004 
X 

y= __(2 тој тко) 1+209)) 1. amd 


(Т ах (03аноү/ ата K1- 9) 


Р4-7 (с) 
For а = 0.001dm? 


See Polymath program P4-7.c.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


у 0 0 500 500 

х 0 0 0.656431 0.656431 
У 1 0.1721111 1 0.1721111 
Co 0.3 0.3 0.3 0.3 

esp 2 2 2 2 

alfa 0.001 0.001 0.001 0.001 
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С 0.3 0.0077768 0.3 0.0077768 
k 0.044 0.044 0.044 0.044 
r -0.0132 -0.0132 -3.422E-04 -3.422Е-04 
Ёо 2.5 2:25 2.5 2.5 
Differential equations as entered by the user 
11 d(x)/d(v) = -Мо 
21 d(yYd(v) = -alfa*(1+esp*x)/(2*y) 
Explicit equations as entered by the user 10 
11 Со= 0.3 
2] еѕр = 2 : 
3] alfa = 0.001 0.8 
41 C=Co*(1-x)*y/(1+esp*x) 
51 К= 0.044 : 
6) г= С ын 
7j іо-2.5 
0,4 
At V = 500, 
х = 0.66, у = 0.17 
0,2 
P4-7 (d) Individualized solution 
0.0 | - — | 
Р4-7 (е) 0 100 200 y 300 400 500 
A e B + 2С 
Rate Law: „г, = Баг -С,СМК,)»-0 (at equilibrium) 
Ke 0.025 
P : . ЫН | = “+ ж “үз ” 
Stoichiometry : С, = Eau LESS vaa ‚ С, = 2C at 
{+ ix 1+ EX ^o 1+=Х 
к. „Сасе. 263 E23] 1-1: 1, ах 
on 1 1+ £X || С,04-Х)) (1жЕХҢ1-Х) 
&=2 апа С, =0.3 
Хы = 0.52 
шү DW 
X =(0.90)X,, =0.47 


V = 1300 dm’ 


{04 O44 min 


5 тој /min) 3(0-47Y1 + 2(0.47 


(0.3 -— tol Veen? Sn 


uz 2(0.47 


E 
4 


AUN 


ít 
(0: 
47)--- 


(1-0. 


4-14 


ау Е 
Е шер) Of пећ 
лә aV 7 dX =r, 
"Hm f ЖҮН т \ 
^ rss (1 eX) K 


Using these equations in Polymath we get the volume to be 290 ап. 


P4-7 (f) 

А < В+2С 

Rate Law: — -1, =-К(С, ~C,C2/K,) =0 (at equilibrium) 

Ke = 0.025 

Е : = 30 =H) _ С.Х ~  2C..% 
Stoichiometry : С, = ЗЭХ алт ЕГЕР 
к. = Caci (ex 2 53) _1%8Х |. 4х _ 
еб, 1+ ЕХ AL С.(1-Х)) (б+ех)(-Х) 

є=2 and шы 

Хы = 0.5 

X = (0. оо = 0.47 

PER 

ps: ЗА dY _ > 


Uaec най 
~, = ЛАВ. (o> oe асы 
(Lex) (+=ХУК. 


Using Ројутаћ to solve the differential equation gives а volume of 290 dm? 


See Polymath program P4-7-f.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


X 0 0 0.47 0.47 

V 0 290.23883 290.23883 
Kc 0.025 0.025 0.025 0.025 
Fao 2.5 25 2.5 2.5 

Cao 0.3 0.3 0.3 0.3 

k 0.044 0.044 0.044 0.044 

e 2 2 2 2 

ка -0.0132 -0.0132 -9.391E-04 -9.391E-04 


ODE Report (RKF45) 
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Differential equations as entered by the user 
11 d(Vyd(X) = Fao/(-ra) 


Explicit equations as entered by the user 

11 Кс-.025 

21 Рао = 2.5 

(31 Сао = .3 

41 К= .044 

5] е=2 

61 га = -(к*Сао/(1+е*Х))*((1-Х)-(4*Сао^2*Х^3)/((1+е*Х)^2*Ко)) 


CSTR 

кс | er 

шиээннн 08 (1-4 Хо) еее 

~ (+ alk | (1+ 2-3 
у Хи Smolin 0.471 +2047) _______ М 
| ас ү 4(0.3 то ага ) (0477 
КС,|((1-Х)-2-2ят:-1! (0044 min (0.3 шоуда) (1- 0.47) ~ Mee 

X (i+ EX) К.) | \ 1 (1+ 2(0.47)) 0.025 


V 21300 dm 
PER with pressure drop: Alter the Polymath equations from part (c). 
See Polymath program P4-7-f-pressure.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
0 


v 0 500 500 

x 0 0 0.5077714 0.5077714 
У J 0.3181585 1 0.3181585 
Кс 0.025 0.025 0.025 0.025 
alfa 0.001 0.001 0.001 0.001 

Cao 0.3 0.3 0.3 0.3 

k 0.044 0.044 0.044 0.044 

esp 2 2 2 2 

Ео 2.5 245 2.9 2.5 

r -0.0132 -0.0132 -1.846E-04 -1.846E-04 


ODE Report (STIFF) 

Differential equations as entered by the user 
11 d(x)/d(v) = -r/fo 
[21 d(y)/d(v) = -alfa*(1+esp*x)/(2*y) 


Explicit equations as entered by the user 


11 Кс=.025 
2] alfa = 0.001 
31 Сао=0.3 
4] k=0.044 
51 esp=2 

61 іо-2.5 
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[7] r = -(К*Сао/(1+езр*х)}*(4*Сао^2*х^3((1+езр*х)^2*Кс)) 


At V = 500 dm? X = 0.507 and у = 0.381 


P4-7 (g) 

Membrane reactor: А — B + 2C 
Ca = СОБ Ру Св = СоРв/Ет Cc = CoFo/Fy 
Ет = БА + Fg + Ес апа -ГА = Тв = гс/2 

Using polymath, 

For PFR, 


See Polymath program P4-7-g.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


v 0 0 1040 1040 

Fa 2.5 1.3231889 2.5 1.3231889 
Fb 0 0 0.3635477 0.0684325 
Ес 0 0 2.3536223 2.3536223 
Kc 0.025 0.025 0.025 0.025 

Ft 245 2.5 3.7452437 3.7452437 
Co 0.3 0.3 0.3 0.3 

K 0.044 0.044 0.044 0.044 

kc 0.08 0.08 0.08 0.08 

ra -0.0132 -0.0132 -3.827E-04 -3.827E-04 
X 0 0 0.4707245 0.4707245 


Differential equations as entered by the user 
[1] d(Fa)/d(v) = га 
[2] d(Fb)/d(v) = -га - kc*Co*Fb/Ft 
ІЗІ d(Fe)/d(v) = -2*ra 


Explicit equations as entered by the user 
[1] Кс=0.025 
[2] Ft=Fa+Fb+Fe 
[3] Co=0.3 
[4] K=0.044 
[5] Кс-.08 
[6] га = - (K*Co)*(Fa/Ft- Co^2*Fb*Fc^2/(Kc*Ft^2)) 
[7] X=1-Fa/2.5 
Solving for when X = 0.47, we get У = 1040 dm? 
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xs 208 — 446 . 624 82 1040 


P4-8 (a) 


The blades makes two equal volumes zones of 500gal each rather than one ‘big’ mixing zone of 1000gal. 


Actual Expected 


Predicted 
ү == ЛЕ NT H = на ыз 
Cágk(1-— X) (1- Xy 
moi 
[а] = Fao. min. 
Сао gal (шой 
mol mini gal 
а [gal] 
X 25 
1000 сзі-а------зошй--еш 22 
5 И (1 sA xy 25 
а = 500 gal 
4-18 


Single Blade 


ЦИ кеннен СШ 


1-3X,4 XK? «0 


Measured 


шм 2 


500 gal: 


1-2Х/-31-Х, 


Р4-8 (9) 
А CSTR is been created at the bend due to backmixing, so the effective arrangement is a PFR is in series 
with a CSTR. — — — 

1 и 


CSTR zone 
created due to 
backmixing 


К=5 min! “= 5 ди Лит. 
Xexpected = 0.632 Хата = 0.586 


Х 
apu e |... -34| 1 |н 


0 m k = Expected 5 
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1 
For РЕК, V, zl 2272 


1-Х, 


= Ро (Х ші =X) [Xs =) 


ForCSTR, У. = 40-а Aa 
=r, 
V, V 
Also, сар Ими таван КОКОСУ 
У У 


Solving 1, 2 and 3 by using polymath, 
See Polymath program P4-8-b.pol. 


POLYMATH Results 


NLES Solution 
Variable Value £ (x) 


(1 29 X acma ) 


Ini Guess 


X1 0.350949 3.148E-10 
үс 0.567756 -3.297E-14 
V i 

0.586 

0.432244 


х2 
Ур 


NLES Report (safenewt) 
Nonlinear equations 

11 f(Xt1)zIn(t/(1-X1)) -Мр = 0 

2] f(Vc) = (X2-X1)/(1-X2) - Vc = 0 


Explicit equations 

[1] Ма1 

[2] Х2 = .586 

31 VpzV- Vc 

Ме = 0.57 ат? ; Ур= 0.43 іт; Хі-0.35 


Р4-8 (с) 
Cao = 2 mol/dm* 
А-ЭВ 
Assuming 181 order reaction, 
_ CaoX 
-r, 
-fa = КСА = КСло(1-Х) 


For CSTR, T 


For PFR, У=Е, | 


Now assuming 2nd order reaction, 


0 
1 


х. dX 


k= |—— 
21-Х 
=> Х, <1-ехр(-ТК)-1-ехр(-0.67) = 0.486 


For CSTR, Now, assuming 2nd order reaction, 
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For CSTR, t= 
=r, = КС2-КС2,(1-Х) 
=> Du. за м 
(1-х) 0.6 
1% ах 1 X 
For PFR, T= ІС--- ze 
КСло 6 (1- X) KC. o dX 
id МЕ. и. 


It 2КС o 2.111 
So, while calculating РЕК conversion they considered reaction to be 1st order. But actually it is a second 
order reaction. 


P4-8 (d) 

A graph between conversion and particle size is as follows: Originally we are at point A in graph, when 
particle size is decreased by 1596, we move to point B, which have same conversion as particle size at A. 
But when we decrease the particle size by 20%, we reach at point C, so a decrease in conversion is noticed. 
Also when we increase the particle size from position A, we reach at point D, again there is a decrease in 
the conversion. 


X D 


dp —— 
P4-9 
А < В 
Т, = 300К Ксо (300K)- 3.0 У = 1000gal = 3785.4 dm? 
Е.Х 
Моје ђајапсе: y 2-407. 
— Үд 
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Rate law: = =k; Б 24 


Stoichiometry: С, = C,, (1 -Х ) апа С,-С,,Х 


тэ ү = Fio X 
оС o [| = xy E 
К, 
2 X? 
У|(1–Х) -= 
=—4 = а Ве = 37854 0.6? 04 
Се? Х 04 |. 3 
Z = 2902.2dm’ 
Now using: У = (2| +a => f(X) =0=V -(2) —~— 
5 11-37 El : (-а) = a 
А c c 
k ЕТ 1 
where 1----6Хр|--|----- апа 
К, E Е У) 


Solving using polymath to get a table of values of X Vs T. 
See Polymath program P4-9 pol 


POLYMATH Results 
NLE Solution 

Variable | . Value £ (x) Ini Guess 
x 0.4229453 3.638E-12 0.5 
To 300 

T 305.5 

2 2902.2 

V 3785.4 

E 1.5Е%04 

к 2 

У 1.5684405 

Ксо з 

Hrx -2 5Е+04 

Kc 1 4169064 


NLE Report (safenewt) 
Nonlinear equations 
[1] © = (z/y*X/((1-X)^2 - X^2/Kc) -V = 0 


Explicit equations 

[1] То = 300 

21 Tz 305.5 

3] 2 = 2902.2 

41 М = 3785.4 

[5] Е = 15000 

6] Я-2 

[7] y = exp(E/R'(1/To-1/T)) 
[8] Kcoz3 

[9] Hrx = -25000 

10] Кс = Keo*exp(Hrx/R*(1/To-1/T)) 


P4-10 (a) 


For substrate: 


Cell: v,Cc- rV 
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Mq еее ее. 


Fso — Fs + nV =0 


(Cso—- Cs)Vo = Та ҮҮсс = МУ gc Алах С, C. 
Кы +С; 
P4-10 (b) 
Cc = Yous [Ср хо! Cs ] 


fc 
(С -С;)у ҮҮ, с БЕО =0 


С 
=> (62 E C; )vo -ҮҮс, |ui. (с. кі С; ) =0 
M 5 


G0-c,)5-25x0 8x 0290 
54C 


SHC, |(9-с)-9 


Solving we get Cs = 5.0 g/dm’ or 30 g/dm?. if Су Ср no reaction has occurred so the only valid answer is 
Cs = 0.5 g/dm?. 


P4-10 (c) 
Cc = Yos(Cso - Cs) 
= 0.8(30 — 5.0)g/dm? = 20 g/dm? . 


P4-10 (d) 
Уге» = Vol2 = 2,5 йт ћ | 
Using equation from above, we get Cs = 1.67 g/dm’ and Сс = 22.67 g/dm? 


P4-10 (e) 
View = Vo/3 = 25/3 dm? 
Using equation from above, we get Cs = 3.0 g/dm? and Cc = 21.6 g/dm? 


P4-10 (f) 

For batch reactor: 
Cso = 30 g/dm? Ссо = 0.1 g/dm? 
Cc = Coo + Үсѕ(Сѕо - Cs) 
V = 10 ёт? 

See Polymath program P4-10-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 15 15 

Cs 30 0.0382152 30 0.0382152 
Cso 30 30 30 30 

Ycs 0.8 0.8 0.8 0.8 

Km 5 5 5 5 

Umax 0.5 0.5 055 05 

Cco 0.1 0.1 0.1 0.1 

Cc 0.1 0.1 24.069428 24.069428 


ка 0.0428571 0.0428571 5.4444349 0.0912841 
rs -0.0535714 -6.8055436 -0.0535714 -0.1141052 
negative. 0.0535714 0.0535714 6.8055436 0.1141052 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cs)d(t)zrs 


Explicit equations as entered by the user 
11 Cso-30 

[2] Ycs = 0.8 

[3] Кт=5 

[4] Umax = 0.5 

5] Cco=0.1 

[6] Cc = Cco*Ycs*(Cso-Cs) 

171 rg =(Umax*Cs/(Km+Cs))*Cc 


[8] rs=-(1/Yes)*rg 
[9] negative rs = -rs 


| rg 
negative rs 


0.00 3.00 600 с 900 


0.0 | 
12.00 15.00 


Р4-10 (2) 


Graphs should look the same as part (f) since reactor volume is not in the design equations for a constant 
volume batch reactor. 


P4-11 
Gaseous reactant in a tubular reactor: A 2 B 
=r; = КС, 
k 20.0015 min ! at 80°F 
E = 25,0002. . X =0.90 M, =1000 

g mol hr 
MW, = MW, = 58- 2 D, «1 inch 1.0.) L=10ft 

lb mol 

P =132 psig =146.7 psia T =260 F =720°R n, = number of tubes 
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lb Ib mol 


1000 — 17.21— — 
hr lb mol Е, hr - 
=== = 17. Ко === = + =19.1 
Р ТЕ hr m DE 0.9 
lb mol 
For a plug flow reactor: 
y ARDIL _ ғ. | dX 
о A 
д=1–1=0 y, =1.0 e=y,0=0 
P. P 
-r, = КС (1-Х С, ====— 
А aal ) ^ RT RT 
0.9 09 
F o RT 
V= Fy 2. A0 ЈЕ EE Lm ЦЭ af into 
dn 2 ЕС.(1-Х) ЕС, (1-09 ЕР 


At T; = 260°F = 720*R, with К; = 0.0015 шіп! at T, = 80°F = 540%, 


k, = k, exp 2215 -0.0015ехр sis ms) = 53.6 т ! 
RUT, T, 1.104 (540 720 


1 2 


k, 253.6 min! = 32197 ' 


3 : 
Сы 10,73! Psía- (72078) 
hr lb mol 'R 


y ЕКІ | 10 =. Ы— 10 

kP (3219hr™)(146.7 psia) 
У =0.72 f? 
V= naDL 

4 

4(0.72 fË 
„= сат 
л, f=. 
(5 (ол) 


Therefore 14 pipes are necessary. 


P4-12 
А > B2 
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Stoichiometry 


1 1 
Ё _ Fao 1 
Hy = = — 
MAD Fao + Ево + Pos 2 
Е = gagó = 1/4 
Mole Balance 
X 
dX 
Урья = Fag / = 
о “ТА 
Rate Law (elementary reaction) 
ә КОХ)? 


Combining 


VpygkC2, [1 (1- Xy 2 
н | на = 2 (1+ та - AX) HEXA = 
Fao 0 (11 exp d ) X 
(for the integration, refer Appendix A) 
from the Ideal Gas assumption, 
Сло = УлоСто 
Substituting Eq.(5), X = 0.8 and e = -1/4 to Eq. (4) yields, 
2 m2 E 2 
Улоо 111 4)q—1/4) шй-08)-(-1/4/08-0:1/4) 08 5, =, 
Fo 1-0.8 
Molar flow rate of A cut in half, 
; 27 
Fao = 5 Рао 
Йш Po 1 
цаг Едо + Ево + Foo 3 
6 = yy = -1/6 


From Eq. (4), 
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(1 + ЄМХ! 


2е( l+ еліні i X!) qa a ган 


Du 


Убу “o б 2 
p 
(1. d e) 23 rt 


дей + Е тз ХЭ) doge 2х“ 


8 У Оре Сто == 8029) =2.58 = 
9 Fy 9 
2(--1/6)(1 — 1/6)n(1 — X') + (4/6)? X' 4 LL ed 


ENS 
Polymath Non-Linear Equation Solver, Х” = 0.758 


P4-13 


Given: The metal catalyzed isomerization А => В , liquid phase reaction 


C 
=r, =k,| C,-—* | with Ка 5.8 
For a plug flow reactor with уд = 1.0, X, = 0.55 


Саве1: an identical plug flow reactor connected in series with the original reactor. 


Since ул = 1.0, 0,= 0. For a liquid phase reaction С, = Сл (1 - Х) and C, =C oX 


X 
-r, = КС 1-Х)|---- 
А А0 | ) га | 
For the first reactor, 
^ dX Ч ах 
У = о ын = Fy | ex X or 
i У ах) 
е4 
X, 
X, 
КС A 1232 
Е 1 
a Ы = ч 
eq “4 0 
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Fao "EN 
K 


eq 
Take advantage of the fact that two PFR's in series is the same as one PFR with the volume of the two 
combined. 


eq 


RO Misc A эи ee: x, --ossi (ass = 0.883 


Vg = У, + У = 20) and at Vp X = X; 


Х, 
Х, 
кыйы D RENE: ЖЕ 1-1» 1 | 
К 0 1— 1+ 1 X ТЭЭ eq 
eq 4 0 
2 
Ел Fio 1+ 1 Ка 
E. 
2 CaM = 2(0.883) = 1.766 
А0 
1.766 = – Ч ЕЗ 
X, = 0.74 


№ 
В 


The analysis for the first reactor is the same as for case 1. 
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ini. а 
Ер 123: Ка 
К 


га 
By performing a material balance on the separator, Fao = Fao(1-X1) 
Since pure A enters both the first and second reactor Слог = Cao, Свог = 0, 9, = 0 


С=С (1 - Х) С,-С,,Х for the second reactor. 
ах %,(1-Х)% ах 


1 
1). des 
1–|1–|1+— |Х, 2ш 
"€ Ка _ 1- (0.356)545 _ 


2 
TEN 1.174 


eq 
Overall conversion for this scheme: 


Fao — Р лог (1-Х,) _ Бо -Fao (1-Х,)(1-Х,) 


Х = “125 Е 
F. F, 1-(1-Х,)(1-Х,) 

Х -0.895 

Р4-14 
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Given: Ortho- to meta- and para- isomerization of xylene. 


M ——Pp 
M 50 


О ——9 P (neglect) 


Pressure = 300 psig 
Т = 750°F 
V = 1000 ft’ cat. 


Assume that the reactions are irreversible and first order. 


Then: 

– ту =k Cy +k,Cy = KC, 

k=k, +k, 

г=0 

Check to see what type of reactor is being used. 

Case 1: 

y= 250084 ^ х-037 
hr 

Case 2: 

w-16675895. х-050 
hr 


Assume plug flow reactor conditions: 


ах —-n,dV о 


X 
dX 
14527771 яма 
о "M 
С Svo d X * dX у 
у = [e = у |----- === а (1–Х) 
8: => k(1-X) k 
Смо» К, and V should be the same for Case 1 and Case 2. 
Therefore, 


2 _ га! E gal 
(КУ) a = (Voen MÒL- Хема) = -2500^7 In [1-037] - 11557 


_ Е gal _ gal 
(КУ) == (Yo Deer (I~ Хале ) = -166 п и 0.50] =11555— 


The reactor appears to be plug flow since (KV) case 1 = (KV) case 2 


As a check, assume the reactor is a CSTR. 


РХ = Cuo X = У 
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Cu vy X v% 
V, І зэ- уу... =——— 
-ry ° (1-Х) 1-Х 
Again kV should be the same for both Case 1 and Саве 2. 


al 
(8)... Хом 2500.7 (0.37) 


y- 


Or 


у l 
kV шаған а CIAR 22 ggg ot 
(V s, 1– Хела 1–0.37 ћу 
га! 
у х . 16672—(0.50) 
(KV Jone = Codear Хаа бы”, ерні 
ag 1- Xa. 1—0.50 hr 


kV is not the same for Case 1 and Case 2 using the CSTR assumption, therefore the reactor must be 
modeled as a plug flow reactor. 


ky =11555® 
hr 
11558% 2 
= жое 87 
1000 ft^ cat. hr ft^ cat 
For the new plant, with vo = 5500 gal / hr, Ху = 0.46, the required catalyst volume is: 
2) —5500 gal 
у = — и (1–Х,)=———— 8 — in (1–0.46) = 2931 ft’ cat 
[4 га! 
1.155—°—; 
hr ft^ cat 


А 


Р4-15 


Tube dimensions: L = 40 ft, D = 0.75 in. 


п = 50 
0.75} 
50) | —— 
Ё | м 


D? 
SCAN, == 40-644fP 


4 


V 
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үзгэн тҮ | пера a 5) 
| Vy,P 1-Х 


Assume Arrhenius equation applies to the rate constant. 
-E 


At T, = 600°R, Кү = 0.00152 = Ае 
-E 


At T; = 760°R, К» = 0.0740 = Ав? 


660 )| 760 
FT ay Bas OOOO). 0140: гаа 
RIT k 100 0.00152 


From above we have 


шлан 
УууР 1-Х 


FART 1 Е|1 1 
so — —]|n| —— |=k, exp} - —| —-— 
ЖӘН ТЕРІ RT Т 


Dividing both sides by T gives: 


БИЕТІ 
[sss шэн К) 
r 


ехр| -19500| +-—+—— 
lb mol °R T 660°R 


In5= 
T 


= sec | 
ШЕ - [360 Е м f£ (114.7 psia) 


Evaluating and simplifying gives: 


exp -1950| + Е ex] 
T 660R 


0.0308 R^! = —= 
Т 


Solving for T gives: 


T = 738°R = 278?F 


P4-16 

Reversible isomerization reaction 
m-Xylene — p-Xylene 

Х,18 the equilibrium conversion. 


С 
Rate law: к= С, 
К, 
At equilibrium, 
C 
m=O => C, = — 
k, 
C 
Cn (1- X,) = 
K, = a - 
1—Х, 
i-X Х +1-Х 1 
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For batch reactor, 


Mole balance: 


X, 
Трк In X, ү 
P4-16 (b) 
For CSTR, 
у = FEX 
-r 


(257! = у ES 
ie) 
K 


e 


Putting the value of К,, 


X X, 
Тсѕтв 2422 X LX 


P4-16 (с) 


Ts 
Volume efficiency = 7, = _РЕК_ = 


dt Nao Са 


X X X 
 |--5-- In| ——£ 
k Без E 
X, X X 
К\Х,-Х X,-X 
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X 
X 


e 


x] 


Following is the plot of volume efficiency as a function of the ratio (Х/Х,), 


See Polymath program P4-16-c.pol. 


1.0 


0010 0708 0406, 0.604 0.802 1000 


P4-16 (d) 
Efficiency = Vprr / Усстк = 1 from problem statement, which is not possible because conversion will not be 
the same for the CSTR's in series as for the PFR. 


P4-17 (a) 
A-— № В 
e = -1/2, X = 0.3, W = 1 kg, yai = 0.25 
С,1-Х 
For PBR, тА = КСА? ага С, = 20-Х) 
(1 + & ) 
dX rn ЖС,1-ХУу T КС „а 
—— = ———Á— а ————————————— e 2----- 
у Бо v(a? v, 
ах _ (-xyy а 
E. = 06 and 252146) 
а ` (1+) dW 2у 
Solving for z by trial and error in Polymath to match x and y at exit, 
X=0.3 Уо = 1 апа ys = 5/20 = 0.25 


ме get: а= 1.043 ке! andz=0.7 kg" 
See Polymath program P4-17-al.pol. 


POLYMATH Results 
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Calculated values of the РЕО variables 


Variable initial value minimal value 


maximal value 


final value 


W 0 0 1 
x 0 0 0.302004 0.302004 
y 1 0.2521521 1 0.2521521 
езр -0.5 -0.5 -0.5 -0.5 
alfa 1.043 1.043 1.043 1.043 
7, 0.7 0.7 0.7 0.7 
Differential equations as entered by the user 
[1] d(xyd(W) = Z*((1-x)*y/(1+esp*x))42 
(21 d(y)/d(W) = -alfa*(1+esp*x)/(2*y) 
Explicit equations as entered by the user 
[1] espz-0.5 
[2] alfa = 1.043 
[3] Z2 7 
Now for CSTR: 
EX Х(-ах) 
-n  04-Х) 
Solving we get for W = 1kg and z = 0.7 kg" 
X = 0.40 
See Polymath program P4- 17-a2.pol. 
POLYMATH Results 
NLE Solution 
Variable ^ ^ value _ . f(x) Ini Guess 
x 0.396566 -1.142Е-13 0.5 
W 1 
esp -0.5 
Z 0.7 


NLE Report (fastnewt) 


Nonlinear equations 
111 f(x) = W*Z*((1-x)/(1+esp*x))2-x = 0 


Explicit equations 
111 W=1 

[2] esp =-0.5 

ІЗІ 2=0.7 


P4-17 (b) 


For turbulent flow: 


2 2 2 
агь (constant) С ши ы UN | Dat -(5) B 
D, а 4G (р, ) [4)|2 
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а, = E = 0.0326 аа 2-4 лг, =4х07=2.8 
Now solving using polymath: 
See Polymath program P4-17-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


w 0 0 1 1. 

х 0 0 0.8619056 0.8619056 
У 1 0.9887079 1 0.9887079 
esp -0.5 -0.5 -0.5 -0.5 

alfa 0.0326 0.0326 0.0326 0.0326 

Z 2.8 2.8 2.8 2.8 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] d(xyd(w) = 7*((1-х)*у/(1+езр*х))^2 
(21 d(y)/d(w) = -alfa*(1+esp*x)/(2*y) 
Explicit equations as entered by the user 
[1] esp = -0.5 


[2] alfa = 0.0326 
[3] Z=28 


So, conversion in PBR, X = 0.862 


P4-17 (c) Individualized solution 
P4-17 (d) Individualized solution 


P4-18 
Given a Fluidized Bed CSTR: 


РАХ ; 
У MAY ы ақы ТА, 


-TA 


МУ = == КРА 


P, = СЕТ = Ys pr ciu LS av = Ca RT, : 
id ull + eX) 5 Trex | 


Sener Pay 7 
1 Е (1 іше Х)К , TRT 1 ын X | р | 
5 Каз 


820 ^ e=0,then Py = PAg(1— X) = 
а 
No pressure drop in ће CSTR 
. : | Р -X 
Р, «Р, (1-Х Wi АӨК 2, 
кш ) kPAo(1 - X) 
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К & Едо unknown - group into a constant, use values from Ist case: 


Fao М- ХР 052050) — . Fag atmkgcat 
a) Put PFR downstream - less wasted volume 
Ирага Uewastrieam 


MN EE. 


P4-18 (b) 


nas 1 | > : у 
b) PBR: Бро 1 = -r4 = КРА0(1- Х) 2. = КРдо - Х)(1 - aW) "(since в = 0) 
dW P, 
dX PA ok 2 172 
D и - А (1. X X1 aW 
dw Fao ( 1 ы ) 
X, dX. М Paok wW САН? 
Je тастан E. Jo (1- aW) "dw 


-11-05 107 | 2 3/2 
Вр Од О l 50k 
! и xi aumkg [0018 | | в | 50ks) 
T 


X, = 0.756 
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i? 


P4-18 (c) | 
2 = 20 аш(1-0:018ка” (50ке)) =6Зат 


с) P= Р, Е aW ) 


P4-18 (d) 


For turbulent flow 


2 2 2 2 2 
QE р с = (o.rsig")(?) : ~| =0.0142К2 
Dp ) (А, 1j (1.5 


Ри = Po(1- ХУУ? = (20atm)(1-0.0142kg  (50kg))'? = 10.7 atm 


DM -3 

223 зт аз ЕИ 1-(1-00142887 (506) | 
1-Х, | атк 3(0.0142kg™ ) 

X, = 0.77 

P4-19 


Production of phosgene in a microreactor. 
СО + СІ, — СОСЬ (Gas phase reaction) 
A+B >С 


See Polymath program P4-19.pol. 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 3.5E-06 3.5E-06 

X 0 0 0.7839904 0.7839904 
У 1 0.3649802 1 0.3649802 
е -0.5 -0.5 -0.5 -0.5 

FAQ 2.0Е-05 2.0Е-05 2.0Е-05 2.0Е-05 
ЕВ0 2.0Е-05 2.0Е-05 2.0Е-05 2.0Е-05 
Ба 2.0E-05 4.32E-06 2.0E-05 4.32E-06 
Fb 2.0E-05 4.32E-06 2.0E-05 4.32E-06 
v0 2.83E-07 2.83E-07 2.83E-07 2.83E-07 
у 2.83E-07 2.444E-07 4.714E-07 4.714E-07 
Fc 0 0 1.568E-05 1.568E-05 
Ca 70.671378 9.1638708 70.671378 9.1638708 
Cb 70.671378 9.1638708 70.671378 9.1638708 
a 3.55Е+05 3.55Е+05 3.55Е+05 3.55Е+05 
k 0.004 0.004 0.004 0.004 

rA -19.977775 -19.977775 -0.3359061 -0.3359061 
Ce 0 0 53.532416 33.259571 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(X)/d(W) = -rA/FAO 
121 d(y)/d(W) = -a*(1+e*X)/(2*y) 


Explicit equations as entered by the user 
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[1] е=-.5 

[3] ЕВО «FAO 

[5] Ер = ЕВ0-ЕАО"Х 
[7] v=vO*(1+e*X)/y 
9] Са = Рам 

[11] а=3.55е5 

13] rA=-k*Ca*Cb 


P4-19 (a) 


9.0 


0.0 


0.0 


0.0 


0.0 


0.0 arene 
0.0е-0 7.0е-7 1.4e-6 y 2.1e-6 2.8e-6 3.5е-6 


P4-19 (b) 


The outlet conversion of the reactor is 0.784 


[2] FAO = 2e-5 
[4] Ра = FAO*(1-X) 
[6] vO = 2.83e-7 
[81 Ес = FAO*X 
[10] Cb = Fb/v 
[12] k= .004 
[14] Ce = Fc/v 


1.0 


0.8 


9.6 


9.4 


0.2 


0.0 —— 
0.0е+0 — 7.0e-7 1.4е-6,,2.16-6 2.8e-6 3.5е-6 


The yield is then MW*F,*X = 99 g/mol 52 е-5 mol/s * 0.784 = .00155 g/s = 48.95 g/ year. 


Therefore 10,000 kg/year / 48.95 kg/ year = 204 reactors are needed. 


P4-19 (c) 
Assuming laminar flow, a ~ D^ therefore 
2 


2 


72 -a DR -(3.55х1074 7: )4 214.2x10* kg 


P2 


4-41 


pM 


10 
16е-5 0.8 
1.26-5 06 
8.0e-6 9.4 
4.0e-6 02 
ши 0е-0 7.0е-7 14e-6 w?1e-6 2.8e-6 3.5е-6 00 0.0е+0 7.0е-7 14е-6 үү? 16-6 2.3е-6 3.5е-6 


Р4-19 (а) 
А lower conversion is reached due to equilibrium. Also, the reverse reaction begins to overtake the forward 
reaction near the exit of the reactor. 


P4-19 (e) Individualized solution 
Р4-19 (f) Individualized solution 
P4-19 (g) Individualized solution 


P4-20 (a) 
Mole Balance 
ах 7 
dw 4 /Fao 
Rate Law 
-=k CÓ 


=т= ЕС coth Ф ~ 2 


Ф=ср, 
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” 


~ 1-1 Kenk, Беба Коши 3 


тү 90 29 
= 
Large D, cD, ——? Increasing Particle Size 
Then 
3 
ЕЕРЕЕ 
Ф cDp 


when D, = 2 mm, К = 0.06, n= үз o. 0.02 


3 
0.02 = ---- 
c(2) 


с=75 


[$275 Dy] 


For turbulent flow: @ = — 2p —- В, = эмс 9) (1.756) 
Р,А,р(4-д gp,D, 
constant 
a is 
P 
а = а,р Ро 
Dp, 
atm 
21 0.001— 
= 2А, = | dm | 
A eda: CES 


Ас(1-9)025 9.89196 am? (1-035 (235, | (20atm) 
» 


а, 2 8.0*10? kg! 


P4-20 (b) 
See Polymath program P4-20-b.pol. 
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MÀ  À 


P4-20 (c) 
Gas, £20, C, -С,,0-ХУ 


d 
Sy ze 25 where Qu РА Dy 
dW оу D, 


а Ва 200? atm") 000 
l Р.(-ФреАс 202m(-035)2.65 kg/dm’ 0.82 йш) 


4 , A у 
ФУ | Бо) | dW 2у 


=7.08Х107 kg” 


ks 2 4 (Фсов ф-- | where k = 3 and Ф = 750, 
Le | 


D 

a = 7.08 + 056, Ра | 
v 

D,, = 1, C,,20207, F,,z5 

We0 X20 у=10 > 

W, = 100 

See РОГ УМАТН program Vary D, 


See Polymath program P4-20-c.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value final value 


м 0 0 

X 0 0 

у 1 0.2366432 
Dp 0.0075 0.0075 

Q 0.5625 0.5625 
Fao 5 5 


100 100 
0.5707526 0.5707526 
1 0.2366432 
0.0075 0.0075 
0.5625 0.5625 

5 5 
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MÀ À——Ó—— 


ајрћа 0.00944 0.00944 0.00944 0.00944 


Cao 0.207 0.207 0.207 0.207 
kprime 2.9385672 2.9385672 2.9385672 2.9385672 
ra -0.1259147 -0.1259147 -0.0012992 -0.0012992 


ODE Report (RKF45) 


Differential equations as entered by the user 0.90 
[1] d(X)/d(w) = -га/ Рао 
[21 d(yy/d(w) = -alpha/2/y 0.72 
Explicit equations as entered by the user 
[1] Dp 2.0075 0.54 
[2] Q=75*Dp 
[3] Рао=5 0.36 


[4] alpha = .0000708/Dp 

[5] Сао = .207 

[6] Крите = 3*(3/Q^2)*(Q*coth(Q)-1) 018 
[7] ra = -Крите*(Сао*(1-Х)*у)^2 


pp *5 0.4 0.5 


oD Od 0.2 


P4-20 (d) Individualized solution 
P4-20 (e) maividualized solution 
Р4-20 (f) Individualized solution 

P4-20 (g) Individualized solution 
P4-20 (h) Individualized solution 


——— ——— M —À M — СС 


P4-21 (a) 
Assume constant volume batch reactor 


dX 


Mole balance: С, — = -r 
407% А 


Rate law and stoichiometry: —7, = КС, = КС, ( 1- X ) 
Specific reaction rate: Ё ( 25 C ) = 0.0022 weeks! 


Combine: 
х dX -1 
t=C ——— =-—In(1-X 
“кес К 1249 
52.2 weeks = Е (1-х) 
0.0022 weeks 
Х =0.108 


буг Са (1 -Х ) but since volume and molecular weight are constant the equation can be written as: 


m, =m (1-Х) 
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650010 = my, (1—0.108) 


т = 728710 

MOU _ Cao Са „100 7287-6500 „100 =12.1% 
С, 6500 

Р4-21 (ђ) 


10,000,000 Ibs/yr = 4.58 * 10? р/уг of cereal 

Serving size = 30g 

Number of servings per year = 4.58 5 10°/ 30 21.51 * 10? servings/yr 

Each serving uses an excess of 787 IU = 4.62 * 10* = 1.02 * 10° Ib 

Total excess per year = (1.51 * 10° servings/yr) * (1.02 * 10° Ibs/serving) = 154.11 Ib/yr 
Total overuse cost = $100/Ib * 154.11 Ib/yr = $15411 / yr (trivial cost) 


P4-21 (c) 

If the nutrients are too expensive, it could be more economical to store the cereal at lower temperatures 
where nutrients degrade more slowly, therefore lowering the amount of overuse. The cost of this storage 
could prove to be the more expensive alternative. A cost analysis needs to be done to determine which 


situation would be optimal. 


P4-21 (d) 
k ( 40° C) = 0.0048 weeks! 6 months = 26 weeks 
X 
TT | — 2 aps) 
1КС,(1-Х) k 
26weeks = эсс Бышы In(1- X) 
0.0048 weeks 
X =0.12 


C, = Сб (1 -X ) but since volume and molecular weight are constant the equation can be written as: 


m, - ms (1-Х) 

650010 = m, (1-0.12) 

т, = 738610 

%OU 2 Cao 7 C4 «199 = 7286 -6500 „109 — 13.6% 
С, 6500 


P4-22 Мо solution necessary 


Р4-23 
СН»ОНСН»С1 + NaHCO, ==> (CHOH) + NaCl + CO; 
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А 


+ B — 


Едо = 0.1 mol/min = 6 mol/hr 


P4-23 (a) 


Mole balance: 


Rate law: 


dC, Vo 

шилэн С 
P y CC) 
r, = -kC,C,; 

У =У, Буд 


See Polymath program P4-23-a.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 
Ca 
Cb 
Cc 
Fao 


~ 
л 


(л. 
ов 
e 


о 
о 
о 


Хр 
Мс 


ODE Report (ЕКЕ45) 


~ 
ооо>> = л>естљтоооо 


0 
0 
1.395Е-13 


-0.0039398 
0 
0 


Differential equations as entered by the user 
111 d(Ca)/d(t) = r+(vo/V)*(Cao-Ca) 
[2] d(Cbyd(t) = r+(vo/V)*(-Cb) 
[3] d(Coyd(t) = -r«(vo/V)*Cc 


Explicit equations as entered by the user 


[1] Fao=6 

[2] Cao = 1.5 
[3] К=5.1 

[41 Мо = 1500 
[5] мо = Fao/Cao 
[61 V = Мо+мо 
7] r=-k*Ca*Cb 


[9] Nez Се'М 


[8] Xb = 1-Cb'V/(0.75*1500) 


250 


0 
6 
1 
5. 
15 
4 
2500 
0 
1 


2073.9649 
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final value 
250 

0.15 
1.395E-13 
0.829586 
6 

1.25 

5.1 

1500 

4 

2500 
-1.067E-13 


1 
2073.9649 


0.0e+0 ; 


50 100 , 150 0 250 о 50 100 150 200 250 


Џ 
0 50 100 ( 150 200 250 ! 0 50 100 t 150 200 250 


P4-23 (b) 
Taking average time for activities like charging, heating, cleaning = 4.5 hr 
So, if there is one batch per day, the time for reaction = 24-4.5 hr = 19.5 hr 


Since at the temperature at which we are operating the reactor no side reactions occur, the quickest way to 
run the reaction will be at the highest flow rate of А (2 mol/min or 120 mol/hour) 


But at 19.5 hours and a flow rate of 120 mol/hr, 1560 dm? would be added to the reactor. Because the 
volume of the reactor is 2500 dm’, and there is already 1500 dm? of B in the reactor, the reaction cannot not 
run for 19.5 hours at a flow rate of 120 mol/hr (2 mol/min) 


Also, because there is 1500 dm? of B at a concentration of 0.75 M, there are only 1125 moles of B to react. 
This means about 750 dm? of 1.5 M A is all that can be reacted. More A may be added to the reactor to 
keep the reaction rate high as the concentration of B drops, but adding twice the necessary volume would be 
a waste of time and material (on top of being physically impossible!). 


То add 1125 moles of А at a rate of 120 mol/min takes 9.375 hours. Using the Polymath code from part (a) 
and changing Fao to 120 and the time to 9.375 gives 1107 moles of C. Allowing the reaction to go for 9.5 


hours results in 1115 moles of C and a reaction time of 10 hours gives 1124 moles of C. 


Now consider multiple batches per day. If two batches are run, then there will be 9 hours of downtime, 
meaning that the time for the reaction will be 15 hours - split between the two batches, with a maximum 
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MM MM 


batch time of 10 hours. The following table shows the three possible times for reactions and the moles of C 
that are formed from the two batches. 


So the best setup will be to run 2 batches per day. One batch will run for 8 hours and the second batch for 7 
hours. Both will be run with a flow rate of 2 mol/min of A. 


(If three batches are run there will be 13.5 hours of downtime and only 10.5 hours for the reaction. A 
maximum of 1257 moles of C can be formed if the time is split evenly for each batch (3.5 hours).) 


See the Polymath code from part (a) and vary time and flow rate. 


P4-23 (c) 
Бао = 0.15 mol/min = 9 mol /hr 


vo = Fao/Ca = 9 mol/hr / 1.5 mol/dm? = 6 dm?/hr 
1000 ат? is needed to fill the reactor. At 6 dm?/hr it will take 166.67 hours 


Now solving using the code from part (a) with the changed equations: 


See Polymath program P4-23-c.pol. 


1.0 
0.8 
0.6 ” А 


0.4 


0.2 


66 


А. 


Р4-24 
NaOH + CH,COOC,H, —— CH,COO Ма + C,H,OH 


А-В8--0-40 
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ас у 
Mole balance: "3 =rt y Co - Со) 
ас, Vo ас, Vo 
5 vi " - =a с) 
Rate law: r, =—kC,C, 
V =V; * vot 


To produce 200 moles of D, 200 moles of A and 200 moles of B are needed. Because the concentration of 
A must be kept low, it makes sense to add A slowly to a large amount of B. Therefore, we will start with 
pure B in the reactor. To get 200 moles of B, we need to fill the reactor with at least 800 dm? of pure B. 
Assume it will take 6 hours to fill, heat, etc. the reactor. That leaves 18 hours to carry out the reaction. We 
will need to add 1000 dm? of A to get 200 moles in the reactor. We need to check to make sure the reactor 
can handle this volume if only 1 batch per day is to be used. Since we add 1800 dm? or 1.8 m? and the 
reactor has a volume of 4.42 т? we can safely carry out a single batch per day and achieve the necessary 
output of ethanol. 


Now vary the initial amount of B in the reactor, the flow rate of A, and the temperature to find a solution 
that satisfies all the constraints. The program below shows one possible solution. 


See Polymath program P4-24.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 6.5Е-04 6.5Е+04 
Са 0 0 0.1688083 0.1688083 
ср 0.25 0.0068364 0.25 0.0068364 
се 0 0 0.0151725 0.0142903 
са 0 0 0.0151725 0.0142903 
ко 5.2Е-05 5.2E-05 5.2E-05 5.2E-05 
Fao 0.04 0.04 0.04 0.04 

Cao 0.2 0.2 0.2 0.2 

Vo 1200 1200 1200 1200 

vo 0.2 0.2 0.2 0.2 

T 308 308 308 308 

k 1.224E-04 1.224Е-04 1.224Е-04 1.224Е-04 
ха 0 0 1.397Е-06 1.412Е-07 
V 1200 1200 1.42Е+04 1.42Е+04 
Мс 0 0 202.92284 202.92284 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
111 d(Ca)/d(t) = -ra+(vo/V)*(Cao-Ca) 
121 d(Cb)/d(t) = -ra-(vo/V)*Cb 
131 «Ссуай) = ra-(vo/V)*Cc 
[4] d(Cdyd(t) = ra-(vo/V)*Cd 


Explicit equations as entered by the user 
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[1] Ко = 5.2е-5 

[2] Fao = .04 

[3] Cao=.2 

[4] Мо = 1200 

[5] мо = Fao/Cao 

[6] Т= 35+273 

[7] k = Ко*ехр((42810/8.3144)*(1/293-1/Т)) 
[8] ra=k*Ca*Cb 

9] V = Мозуо" 

[10] Ме = Cc'V 


P4-25 (a) 
А e B + 2C 


To plot the flow rates down the reactor we need the differential mole balance for the three species, noting 


that BOTH A and B diffuse through the membrane 


dF 
ay 7A 
dF, 
oues 
dF, 

— == /, 

dV € 


Next we express the rate law: 
First-order reversible reaction 


Transport out the sides of the reactor: 


k C. E 
Ra = kaCa = TA 
T 
К,С,,Е, 
Вв = КвСв = —B-TO' B 
T 
Stoichiometery: 


Ta = tg 71/2 tc 


Combine and solve in Polymath code: 


See Polymath program P4-25-a.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 
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Variable initial value minimal value maximal value 


final value 


v 0 0 20 20 

Fa 100 57.210025 100 57.210025 
Fb 0 0 9.0599877 1.935926 
Fc 0 0 61.916043 61.916043 
Kc 0.01 0.01 0.01 0.01 

Ft 100 100 122.2435 121.06199 
Co 1 1 1 1 

K 10 10 10 10 

Kb 40 40 40 40 

ra -10 -10 -0.542836 -0.542836 
Ka 1. + 1 1 

Ra 1 0.472568 1 0.472568 
Rb 0 0 2.9904791 0.6396478 
Fao 100 100 100 100 

X 0 0 0.4278998 0.4278998 


ODE Report (RKF45) 


Differential equations as entered by the user 


М 
21 


31 


[1] 


d(Fayd(v) = ra - Ra 
d(Fbyd(v) = -ra - Rb 
d(Fe)/d(v) = -2*ra 


Explicit equations as entered by the user 


Kc = 0.01 

Ft = Fac Ер+ Ес 

Со=1 

К=10 

Kb = 40 

га = - (K*Co/Ft)*(Fa- Co^2*Fb*Fc^2/(Kc*Ft^2)) 
Ка =1 

Ва = Ka*Co*Fa/Ft 

Rb = Kb*Co*Fb/Ft 


P4-25 (b) 


The setup is the same as in part (a) except there is no transport out the sides of the reactor. 


See Polymath program P4-25-b.pol. 


POLYMATH Results 
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12 16 20 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


v 0 0 20 20 

Fa 100 84.652698 100 84.652698 
Fb 0 0 15.347302 15.347302 
Ес 0 0 30.694604 30.694604 
Кс 0.01 0.01 0.01 0.01 

Ft 100 100 130.6946 130.6946 

Co 1 1 1 1 

К 10 10 10 10 

ка -10 -10 -3.598Е-09 -3.598Е-09 
Ғао 100 100 100 100 

X 0 0 0.153473 0.153473 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fayd(v) = ra 
[2] d(Fb)/d(v) = -ra 
[3] d(Fe)/d(v) = -2*ra 


Explicit equations as entered by the user 
[1] Кс= 0.01 
[2] Ё = Ра+ Ерь Fc 
[3] Со=1 
[4] K=10 
[5] га = - (K*Co/Ft)*(Fa- Со^2*Ер*Ес^2/(Кс*Е1^2)) 


— 


X PFR 
[ X Membrane 


14 16 


P4-25 (c) Conversion would be greater if C were diffusing out. 
P4-25 (d) Individualized solution 
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Р4-26 

СО + Н,О <> СО; + Н, 

А+ B ес +D 
Assuming catalyst distributed uniformly over the whole volume 


dF, dF; ав, ав, 
Mole balance: — =r =r =— —2=-r-R, 
dW dW dW dW 5 
С-С 
Rate law: к=, = =- = р | С.С, – 2 
eq 
Ry, = Kg, C 
F Е Е 
Stoichiometry: С,=С—® С, = Ср == Се = Ср — 
oichiometry А то F, B TO Е, C то Е, 


Е,=ЕЁЕ,+Е,+Е +Fp 
Solving in polymath: 
See Polymath program P4-26.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 100 100 

Fa 2 0.7750721 2 0.7750721 
Fb 2 0.7750721 2 0.7750721 
Fc 0 0 1.2249279 1.2249279 
ка 0 0 0.7429617 0.5536716 
кеа 1.44 1.44 1.44 1.44 

Ft 4 3.3287437 4 3.3287437 
Cto 0.4 0.4 0.4 0.4 

Ca 0.2 0.0931369 0.2 0.0931369 
Cb 0.2 0.0931369 0.2 0.0931369 
Kh 0.1 0.1 0.1 0.1 

Cc 0 0 0.147194 0.147194 

cá 0 0 0.0796999 0.0665322 
Rh 0 0 0.00797 0.0066532 
k 1.37 1.37 1.37 1.37 

r -0.0548 -0.0548 -0.002567 -0.002567 


ODE Report (RKF45) 
Differential equations as entered by the user 


1] d(Fayd(W) = r 
2} d(Fbyd(W) =r 
3} d(FeVd(W) = -r 
4} d(Fdyd(W) = - r -Rh 


Explicit equations as entered by the user 


[1] Кед = 1.44 
21 А = FacFb«Fc«Fd 
[3] Cto = 0.4 
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[4] Са= Cto*Fa/Ft 

5] Cb = Cto*Fb/Ft 

[6] Kh=0.1 

[7] Се = Сїо*Ес/РЇ 

8] Cd = Cto*Fd/Ft 

[9] Rh=Kh*Cd 

[10] К= 1.37 

11] r=-k*(Ca*Cb-Cc*Cd/Keq) 


For 85% conversion, W = weight of catalyst = 430 kg 


In a PFR no hydrogen escapes and the equilibrium conversion is reached. 


"76,6. Cg dex) 


solve this for X, 


X = 5454 
This is the maximum conversion that can be achieved in а normal PFR. 


If feed rate is doubled, then the initial values of Fa and Fb are doubled. This results in a conversion of .459 


2.0 
1.6 
12 
0.8 


0.4 


л 


P4-27 Individualized solution 


—M————————————————————— 


P4-28 (a) 
Assume isothermal and e=0 


therefore, Р=Р,(1-о W$ =10 (1-.01 gw)? 


У/ = 992 
P4-28 (b) 
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Ca = Cao (1 -Х) Р/Ро 


Ca = Cao(1 -Х) (1 - 0.01 W)? 
Integrate from X=0 to Х=.9 
ах. ER ЁС, (1- Х) 
а" Ер 

У «59882 

First 5% conversion integrate from X=0 to Х=.05 


(1-01) 


Wz131g 
Last 5% conversion integrate from X=.85 to Х=.90 


ne i то 


P4-29 Individualized solution 


P4-30 (a) 
First order gas phase reaction, 
СеН5СН(СНз) > СН, + Сан, 
ую = 0 =] > Е=1 


y= dt 5 = KC o 
fo Fio 
For a PBR: 
ах a(1-X) " 
dW (1+ X) ОКИ 
ду __ (1+Х) > 
dw TOME 


X = 0.064 and у = 0.123, 

Solving (1) and (2) by trial and error on polymath we get, 
a = 0.000948 (kg of catalyst)” 

а = 0.000101 dm? 
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Now solve for a fluidized bed with 8000 kg of catalyst. 
FAX 


-r 


Mole balance: W = 


Rate law: —r, = КС, 


1- X 
Stoichiometry: С, = C4, ae 
X (1+ £X) X (1 X) 
Combine: У = —————— = 8000 = ————————— 
a(1- X) 0.000101(1- X ) 

X 20.37 
P4-30 (b) 
For а PBR: 
dX a (1 -X) 
dw (+X)? 
dy. (I*X) 
dW 2y 
where а = —40. 

AO 


From chapter 12 we see that k will increase as Dp decreases. We also know that for turbulent flow 


1 
4 ~ —— . This means that there are competing forces on conversion when Dp is changed. 
P 


We also know that alpha is dependant on the cross-sectional area of the pipe: Œ ~ —— 


But alpha is also a function of superficial mass velocity (G). If the entering mass flow rate is held constant, 
then increasing pipe diameter (or cross-sectional area) will result in lower superficial mass velocity. The 
relationship is the following for turbulent flow: 


1 
G ~ — and а ~ G? 
Ac 
therefore, Œ ~ ru 


If we combine both effects on alpha we get the following: 


EET 
Ас Ас 

ges 
Ac 


So increasing pipe diameter will lower alpha and increase conversion and lower pressure drop. 
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For Laminar flow: 


1 
2 
D; 
so decreasing the particle diameter has a larger effect on alpha and will increase pressure drop resulting in a 
lower conversion. 


а ~ 


1 
For Laminar flow @ ~ G and so (t ~ — . 


This means increasing pipe diameter will have the same trends for pressure drop and conversion but will 
result in smaller changes. 


P4-30 (c) Individualized Solution 


£ = 0.33(1-3) = -0.666 Pao = 0.333*10 Fag = 13.33 К = 0.05 
Mole balance: — dX/dW = -ra/Fao 

Rate law: ТА = -КРв 

Pa = Pao(1 - X)/(1 - 0.666X) Pg = 2РА 

Ре = Рдох/ = 0.666X) 

For а = 0, у = 1(no pressure drop) 


0.00 
-0.08 
-0.16 
-0.24 


-0.32 


-0.40 


0 20 40 60 80 100 


уу 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 100 100 

X 0 0 0.995887 0.995887 
K 0.05 0.05 0.05 0.05 

Pao 3.33 3.33 3.33 3.33 

Ра 3.33 0.0406732 3.33 0.0406732 
РЬ 6.66 0.0813464 6.66 0.0813464 
Pc 0 0 9.8482838 9.8482838 
Fao 13.33 13:33 13.33 13.33 

ка -0.333 -0.333 -0.0040673 -0.0040673 
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евр -0.666 -0.666 -0.666 -0.666 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
11 d(X)/d(W) = -ra/Fao 


Explicit equations as entered by the user 


1] K=0.05 
[2] Рао = 0.333*10 
3] Pa=Pao*(1 - Х)/(1 - 0.666*X) 
[4] Pb=2*Pa 
51 Pc = Pao*X/(1 - 0.666*X) 
[6] Еао = 13.33 
[7] га =-К*РЬ 
8] езр = -0.666 


For first 5% conversion weight required = W, = 2 kg 
For last 596 conversion weight required = W; = 38 kg 
Ratio = УУ,/ W, = 19 

Polymath solution (4-34 a) 


P4-31 (b) 
For a = 0.027 kg", 
Polymath code with pressure drop equation: 


See Polymath program P4-31-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


w 0 0 30 30 

X 0 0 0.4711039 0.4711039 
У 1 0.1896048 1 0.1896048 
K 0.05 0.05 0.05 0.05 

Pao 3.33 3.33 3.33 3.33 

Pa 3433 0.4867002 3.33 0.4867002 
Pb 6.66 0.9734003 6.66 0.9734003 
Pc 0 0 1.0583913 0.4335164 
Fao 13.33 13.33 13.33 13.33 

ra -0.333 -0.333 -0.04867 -0.04867 
esp -0.666 -0.666 -0.666 -0.666 
alfa 0.027 0.027 0.027 0.027 


ODE Report (STIFF) 


Differential equations as entered by the user 
111 d(Xyd(w) = -ra/Fao 
21 d(y)/d(w) = -аНа*(1 - esp*X)/(2*y) 


Explicit equations as entered by the user 
1] К=0.05 

[2] Рао = 0.333*10 

131 Ра = Рао*(1 - X)*y/(1 - 0.666*X) 
[4] Pb=2*Pa 

5] Pc = Рао*Х*у/(1 - 0.666*X) 

[6] Fao = 13.33 


M——»—ÀÀ—— 


[71 та = -K*Pb 
[8] езр = -0.666 
[9] alfa = 0.027 


0.00 


Р4-31 (с) 
1) For laminar flow: 
Diameter of pipe = D and diameter of particle = Dp 
Now D,/D, = 3/2 so Сү = 4/9G, 
а = (constant)(G/Dp’)(1/Ac) 
So & = do(G/G,)(Dyo! Ре) (D/D)? 
= 00(4/9)(2/3) (2/3? = 0.00237 кв” 
Less pressure drop and more conversion for same weight of catalyst as in part (b). 


2) For turbulent flow: 
В oo о?» 
а = (constant)(G’/Dp)(1/Ac) 
So, а = ао(бубо) (Di Рь)(р/р)) 
= 00(4/9)2(2/3)(2/3} = 0.0016 kg” 
Again less pressure drop and more conversion for ће same catalyst weight. 


It is better to have a larger diameter pipe and a shorter reactor, assuming the flow remains the same as 
through the smaller pipe. 


Р4-32 (a) 
C-C 

At equilibrium, r = 0 => C A C K. 2 

У = Vo + vet 

C Ng IX) 25 с.о(-Х) 2 Cade X) 

У V V 5 
nS 1+— 
Vo V, 
4-60 


VoC до PS 


== 


Now solving in polymath, 


Vo C go КА = ) 


See Polymath program P4-32-a.pol. 


P4-32 (b) 


See Polymath program P4-32-b.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 

Са 7.72 

Cb 10.93 
Cc 0 

са 0 

Ке 1.08 

k 9.0Е-05 
ха -0.0075942 
vo 0.05 
Vo 200 

у 200 

X 0 


ODE Report (RKF45) 


0 
0 
7 
0 
0 
1 


9 


-0 


0 


2074331 
.6422086 


.08 

0Е-05 
-0075942 
-05 


200 


0 


Differential equations as entered by the user 
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1.5Е+04 
7 72 
10.93 
3.2877914 
3.2877914 
1 08 


950 
0.9731304 


0.0е+0 — —- 


~ 


0. 


final value 
.5Е+04 
.2074331 
.51217 
.41783 

- 41783 


08 


9731304 


9 2976 5952, 8928 11904 14880 


11 d(Ca)/d(t) = ra - Ca*vo/V 
2j d(Cb)/d(t) = ra - vo/V*(Cb- 10.93) 
31 ЖСсуай) = -ra - vo*Cc/V 


4) d(Cd)/d(t) = -га - vo*Cd/V 


Explicit equations as entered by the user 
11 Кс- 1.08 


21 К= 0.00009 
31 га = -k'(Ca*Cb - Cc*Cd/Kc) 
41 vo = 0.05 
51 Мо = 200 
61 М = Мо + мол 
71 Х-1-Са/7.72 
0.0et0 in 
-1.6е-3 
-3.26-3 | | m 
-4.8e-3 
-6.4е-3 
-8:06-31---- хэлээс 


0 2976 5952, 8928 11904 14880 


Polymath solution 


P4-32 (c) 
Change the value of v, and Сло in the Polymath 
program to see the changes. 


Р4-32 (d) 

As ethanol evaporates as fast as it forms: 
Now using part (b) remaining equations, 
Polymath code: 


Ср-0 


See Polymath program P4-32-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 
maximal value final value 

t 0 0 

Ca 7:272 0.0519348 
Cb 10.93 6.9932872 

k 9.0Е-05 9.0Е-05 

та -0.0075942 -0.0075942 
vo 0.05 0.05 

Vo 200 20 


2.0е+1 


1.бе+1 


12etl| 


8.0et0 


4.0е+0 


ПАЈА 
0 2976 5952, 8928 11904 14880 


M 1189 2378 , 3567 4756 5945 

6000 6000 

7.72 0.0519348 

10.93 7.8939348 

9.0Е-05 9.0Е-05 

-3.69Е-05 -3.69Е-05 

0.05 0.05 

200 200 


V 200 200 
X 0 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(Ca)/d(t) = га - Ca*vo/V 
21 d(Cb)/d(t) = га - vo/V*(Cb- 10.93) 


Explicit equations as entered by the user 


11 kz 0.00009 
[2] га = -k*Ca*Cb 
ІЗІ voz 0.05 
[4] Мо = 200 


[5] V= Мо + мо 
61 X=1-Ca/7.72 


20 


16 


-1.6e-3 


12 


-3.26-3 


-4.8e-3 


-6.4e-3 


-8 де- 
tesa 1189 


P4-32 (e) Individualized solution 
P4-32 (f) Individualized solution 


2378 3567 4756 5945 Ü 


P4-33 (a) 


Mole balance on reactor 1: 


ау 1 
С.оУдо = Сау = A = ата with Удо = 27% 


бю, — Сау- МУ = Wa 


2 dt 


Liquid phase reaction so V and v are constant. 


Сл 2 Са —к, = dC, 
Al a 
2r T dt 


Mole balance on reactor 2: 
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500 500 
0.9932727 


0.9932727 


— 
—— 
—— 


1189 2378 3567 _ 4756 5945 


mm 


Mole balance for reactor 3 is similar to reactor 2: 


dN 
Срб 7 Саур — ЗИ = а 


Rate law: 


и = КС Св 


Stoichiometry 
For parts a, b, and c C4; = Са; 


rama 
so that =, = КСА, 


Combine: 

Са Ca ko? = ас, 
2T T dt 

Са Са ісі, -4Са 
T T dt 

Са Са aco -£a 
T T з ш 


See Polymath program P4-33.pol. 


РОГУМАТН Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


t 0 0 100 

Cal 0 0 0.8284264 
Ca2 0 0 0.7043757 
Ca3 0 0 0.6109587 
k 0.025 0.025 0.025 

Cao 2 2 2 

tau 10 10 10 

X 1 0.3890413 1 


ODE Report (ВКЕ45) 


Differential equations as entered by the user 
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100 
0.8284264 
0.7043757 
0.6109587 
0.025 

2 

10 
0.3890413 


eene: 


= 
H 


| d(Cat)/d(t) = (Cao/2 -Cat)/tau -К*Са1^2 
[2] d(Ca2)/d(t) = (Cat - Ca2)tau -k*Ca2^? 
[3] d(Ca3)/d(t) = (Ca2 - Ca3)/tau -k*Ca3^2 


Explicit equations as entered by the user 
[1] К= 0.025 
[2] Сао=2 
ІЗІ tau = 10 
[4] X=1-2*Ca3/Cao 


From Polymath, the steady state conversion of А is approximately 0.39 


P4-33 (b) 

99% of the steady state concentration of A (the concentration of A leaving the third reactor) is: 
(0.99)(0.611) = 0.605 

This occurs at t = 


P4-33 (c) 
The plot was generated from the Polymath program given above. 
0.90 


0.72 


0.54 


0 20 40 60 80 100 


Р4-33 (а) 
We must reexamine the mole balance used in parts a-c. The flow rates have changed and so the mole 


balance on species A will change slightly. Because species B is added to two different reactors we will also 
need a mole balance for species B. 


Mole balance on reactor 1 species A: 


ам, 2 200 
Cala Cav Ка = EE with Улу = 5 уу and v, = 15 
2С dN 
асы Vo Слу У = E 


Liquid phase reaction so V and v are constant. 
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——— FÉ PUÓ Y 
T 


Mole balance on reactor 1 species B: 


N 
C C 2 қ У 2-2 Bi 
BoV Bo m і 


and Van, =—У 
BO 0 
3 


Stoichiometry has not changed so that —гд = -гв; and it is a liquid phase reaction with V and v constant. 
Coo 2: Са г. = ас, 
Al 
T т й 


Mole balance on reactor 2 species А: 
We are adding more of the feed of species B into this reactor such that уз = vo + уво = 20 


АМ ,, 
С ау Сау — ћој = ШОШ 
С С ас ү 
и, =-—42 where T, =— and 7, = — 
т т; 4 Ур Vy 


Mole balance on reactor 2 species B: 


Cav, + Суво — Cg; — Ту = B 
С, + Сьоуво = Ch _ ЯС» 
2026 А2 

т V Т, й 


Mole balance for reactor 3 species А: 


Србу; 7 Сазу У = 


ам 
Су, С.у, = r,a V = 3. 
8272 8372 АЗ dt 
Се _ С, a dC,, 
T n ” d 


Rate law: 
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M peee 


rj; = КСС 


See Polymath program P4-33-d.pol. 


POLYMATH Results 
Calculated vaiues of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 100 

Са1 0 0 1.1484734 
Са2 0 0 0.7281523 
саз 0 0 0.6278144 
сь1 0 0 0.4843801 
Cb2 0 0 0.7349863 
СЫЗ 0 0 0.6390576 
k 0.025 0.025 0.025 

Cao 2 2 2 

tau 13.333333 13.333333 13.333333 
X 1 0.3721856 1 

tau2 10 10 10 

V 200 200 200 

vbo 5 5 5 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] 4(Са1у40) = (2*Cao/3 -Са1)Лаи -К*Са1*СЬ1 
2] d(Ca2)/d(t) = Cat/tau - Ca2/tau2 -k*Ca2*Cb2 
[3] d(Ca3)/d(t) = (Ca2 - Ca3)/tau2 -k*Ca3*Cb3 
[4] d(Cb1)/d(t) = (1*Cao/3-Cb1)/tau-k*Ca1*Cb1 
51 d(Cb2)/d(t) = Cb1/tau--Cao*vbo/V-Cb2/tau2-k*Ca2*Cb2 
[6] d(Cb3)/d(t) = (Cb2-Cb3)/tau2-k*Ca3*Cb3 


Explicit equations as entered by the user 
11 k=0.025 

[2] Сао= 2 

[3] tau = 200/15 

[4] X = 1 - 2*СаЗ/Сао 

[5] tau2 = 10 

6] V=200 

[7] vbo=5 


Equilibrium conversion is 0.372. 
This conversion is reached at t = 85.3 minutes. 
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final value 
100 
1.1484734 
0.7281523 
0.6278144 
0.4821755 
0.7291677 
0.6309679 
0.025 


13:333333 
0.3721856 
10 

200 

5 


E E 


E 20 40 60 80 100 


P4-33 (e) Individualized solution 


CDP4-A 
CHI + AgCIO, > СНОО, + AgI 
0,7 mol/l CHLI = С 
3 BO 


0.5 по1/1 48610, = Cio : „2070 Г — 
‚ 3/2 
“= 30 dm 070 х) Cc, 
бу aX 

: ВЕ" с3/2 MES Ране ари Г 3/2 

GI CHI “А010, jg а рд 7254) 

t = 0.00042 (du^/sol) (sec) | T-298 K | 6 VERE ан ыша 

| k Cio 0 (75 = IMI- 2) 
X= 0.98 
Integration for X = 0.98, solved numerically 
Let A = AgC10,, В = CHI 
4 3 
Ко (24.18) 
д 0.00042 (0.5)3/2 
Ч ei 
t = Ко 1, “Ду ts 1,628:107 sec = 45,2 hr 
А 

ў = Ya {liquid phase) 
CDP4-B 
a) 
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- 
Mole Balance: ХА = Е-Е, e nV 
[sis 
vča =c v КОМ 
dt | 
ас, Сам, СА(У,%У) 
dt У У 


Use POLYM ATH to plot C, vs. t 


ке 71 фазе . 
Equations: : __Са “acc - 
d(ca)/d(t) «(cao*vo/v) < (ба У (X*vevo) /v) 
caom4.S © ~о - 
уоч20000 
уш15000000 юан 
"Хар. 0025 — 
Жо 0. Се = 1000 
2.608 
ЯН t 
For steady-state: 


T 
[= 4.6 зч ШШ ^ 
c 641 hrs 


C, v 
C ш- Аба =7 3 
ст a" 2.930 mg/dm 


99% of this is 2.906 mg/dm’, which is below the standard of 3.0 mg/dm’. 
Polymath solution(Ans CDP4-B-a) 
b) 


Mole Balance : о Foo Fer V 


Equations; 

а(па) /8 (2) «cao*vo-ca*vout-k*ca 
саоч4.5 

уол70000 Ке 
уоцек50000 25 
к=0.0025 

vs20000*t 


casna/wv 


te = 780 


| 
| 
8.20 iem соп 320.500 њи. као ы] но SE 


E Cavst 


Key Po 
40 = чи 
__ Са pio O = M 
3206 1 = 
| 
i 
"er 
| 
i 
2.002 —^—^^—————— —— 
5.608 142000 332.200 AC c 510.000 eris 
t 
Polymath solution(Ans CDP4-B-b) 
c) es 
Use same equations as in part (a), 54 
5 5 : ги \ + 
but change С, «4.510 C,, =45+2 Qos | 53 
М 48 
Equations: 45 
а(са) fa(cl=(cactvosy) ~ (cat (еу) fv) 41 
caos4.5-«2*cos(3.14159/841*-) 37 
vosT0000 3з 
у=%58000000 29 
К=9.0025 25 
de ~ © - 
шаа: СЕ = 1000 


Ројутаћ solution(Ans CDP4-B-c) 


d) This part is almost same as part(b) with minor changes: 
V = 15000000 – 10000t 
у= 80000 and Vou = 70000 


The reason the graph looks so different from(a) is that pure water is evaporated, but water with atrazine is 
coming in. 


45 

Polymath code: 44 

а (са) /dt=cao*vo/v) - 

(са (kv+vout) /v) = 

ca(0)=4.5 # 42 

vo = 80000 # 41 

у = 15000000 - 10000*t 

К = 0.0025 # + 

cao = 4.5 # 39 

vout = 70000 # 38 

Е(0)-0 % 

t(£)-1000 Эд 
38 


егі eRe оны И ЧЕЛА ае 


Polymath solution( Ans CDP4-B-d) 


CDP4-C 
a)Find the number of moles of receptors: 
bdo еа Ров а obi VIUERE. 
mL cell 76 .022 x 107 receptors 
1.66х1079 m. OIL 2 1.66 x 107 "moles | 
Design equation: і 
ах 
М» 72075078 
Rate Law: 
-r = КС, Са 
Stoichiometry: 
C, = Сл (1 -X ) 
C, = C, (0, — X) 
Where: 
Total number of moles: 
1.66 x 107? +1х10° «1.002 x 10? 
hence: 
1:66 х10 нү 
= -y = 0,0017 
?4 = рз 192 
1x10? 
ВЕ hts CNN = 0,998 
у = 1 002 x x10 0.2206 
0.998 
Ө, = =... 587 
# 0.0017 
Combining and solving: 
_4Х___ uL Сре 


! Jn- P X == КС 


6,-1 O,0-X) Ма 


t = 0.07 1 min 

b) Assume ©, = Cho 
Design Equation: 

N а. -r 

AO dt А 
Rate Law: 
= КСАС 

Stoichiometry: 


C, кы Съ 
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—— 


Combine and solve: 


iium АВ 
1-Х М№ 
In — = Kant 
= NS 
t=0.069 min 
А very good approximation. 
с) Design Equation: 
лот I 
Rate Law: 


Tr, = КСС — kt 
Stoichiometry: 
С, = emt ЯС, Х) 
C, = Ср 
Ce = СХ 
Combine and solve: 


N ao =k Сл ЮС СХ 
dX - di 
р /СабСа- : > Ca Сы - о i М, 
14% й | Сый 
о Ky Cso = x(k, С и) 2 


L k Свю 
ревија In ИННИИ cR LIOS. NS а ле 
С +, k, Co x(k, Co ek 1! NA. 


j 
TRL ESAR] 
Х=05 
CDP4-D 


Batch reaction: 2А +В 2 2C 

kı = 1.98 ft/Ibmol.min, Ко = 9.2 x 10° (f£/Ibmol)?/min 
V = 5 gal 20.67 ft’, X = 0.65 

Cao = 0.002 Ibmol/0.67£0 = 2.98 x 10? Ibmol/fe 

Cpo = 0.0018 Ibmol/0.67ft? 22.69 x 10? Ibmol/ft’ 


ам 
Mole Balance: uu le -r АУ 
dt 
Rate law: -ra = АСС РСС 


Stoichiometry: СА = Сло(1-Х) 
Св = Сло(Өв-(6/а)Х) = Сло(0.9 – 0.5X) 
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Combine: 


ба = = C4 0 - X) (0.9 -0.5X) + Са – X)(0.9 -0.5X)?| 


Integrating between Х=0 to Х-0.65 for t= 010 t= t gives 


t = 24.1 min 
CDP4-E 
Ma = 2.001 
Mae 2730 — 
Finally 
F 
Far Cur lete) 
«5 
зе = 10 


У = 50 gal. liqnid 
T = 10090 = 3739Ё = 67298 
Р = 500 psig 


“сы % Cy ср 


Liquid feed is a mixture of A and B ул, = 1 — Yso = 0.999 

Because of the low concentration of B in the feed, such properties as SG, the specific 
gravity, Mw, the molecular weight, and the solubility of Hə are essentially that of 
component A. assume that any H» depleted via reaction is instantaneously replaced via 
absorption of Н» gas over the liquid reacting mixture. Then at 500psig, 
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=== 


-5-Ос Їлшо12 i 1b 337 02081012 
с "T осы; xí ABO X1 х Г Lilibmols. 3 x (3438314 ыг : 42.8. 
Чу. 1 26 454 gmoles gal zzi 


t for | 
~ Б i 5 a TUM a СЭНГЭ Low 3.72 lejar 
FAO mE. because Yg C41 » БАР АЈ 196 15 3.72 Lomole/ 


Assume that there is no volume change accompanying absorption от Riz: 
M. 
Е Е же аш рони "Uc w а comstant., ох 
о EG p | 
R40 
x io x BELO 3 ? 
- ЗО ДВА. | а AE A Ít. 2.58 gal, . Ж c 
у = (UT x Стовотъд | х 62.41 i5] = ( E I S BEES dades. 
Рао Snore = (10 2)(3.72)1bmole/hr -5 
Сш = Е д А м А-А STER = 4.17 = 10 "1Ъво1е/ а! 
о y ~ y (89.3) ga1/ hr 
а 3 
Using equation for a CSTR 
ЖД 4 
"ms 
*n 
ысына ане Exc 
ус (1-Ю)С Де ын 
ын He wt Н+ 
шк (89.3 zal/hr)(0.99) 
~ $0 gal (9,0208 1501) (0.01) 
gal 
ко = 2.49 x 103 gal/Citmole ~ hz) 
With zcactor at 300 psig, Henry’s law is: ба ир 
2 
Е ч И 300+14.7 314. 1 Libmole 
a Cg, (300 psig) = Ce (500 psig) = (20041417 C. «02083 т T 141 
Са = 0127 Тово1е/ ај 


RM. с NODE is A 
UTE UG tiet POM “кз O 
30 
? 2,300 20%, зоо 
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22 _ (50 ;а1)(8.49х10® za1/1bnol-hr)(0.012 А 


1-1 89.3 gal/hr 


2 
= Е raceme | ПОЗ, = 1.134 1®шо1е/һг 
ga hr 


Е = С, v 
br Cap? 


Frp (1-Х,) -3 (1. 5 
-20 2 _ (3.72x10 ) (1-0.984) _ , „3,105 


у, = = 
ЗК Fa ЭР 1-1.34+3.72 
2,F 


CDP4-F 


Liquid Phase C, = Сао (1 -X) = Nac (1-Х) 


Чг Peck X) 


BX 
t 0 5 10 20 30 40 
x 0 3 E 73 85 0.93 
їл Ен 0 36 ‚69 1.31 1.89 2.66 
1-Х) 


Q 1» 929 35 че $0 t" 
ные i 


Io Millimeter: tà the Ceatimeter 
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A plot In [54] is linear wrt time so we conclude the reaction is first order in 5,6 


benzzzoquinoline with К). 00 mn" 


TAT] EFI 1} 
i MÀ T€ еі. Бк ЖЕ. 
ЧД RE Ту! 
2511 1 
п4а=Е||_. |. 
п R53 isl 
E.-..in4...456348 OK 
Ro c3 
(353383) 
E = 12,414 Sal. 


= X2. рез ky _ E 2. 4 
kk, kr pe 069) (2) К, = 1.26 k, 


pe See 
In {Ж kt 
X= 1- ek 
t 0 10 20 30 40 50 
x 0 0.57 0.82 0.42 0.97 0.99 
CDP4-G 


Develop a design equation 
Mole balance: Fa(r) – Fa(r + Ar) + ra(QarArh) = 0 


ih Е, (т) Е, (r+ Ar) _ Олт) = dF, 


= r, (2лй) 
Rate law: — И) = КСС» 


Assuming 05-1 and e = 0 


Stoichiometry: Ся =C- X) апа Ср = Сло(д; -Х)-С,0-Х) 


dF, dX 
= Е, = И. (2ЛУЙ 
ағ ^9 dy al | 


Also Fy = Е (1-Х) > 
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| ах r (2л&С о )rdr 
=> р 
0 


ах _ глћКС о а- Xy 
1-Х) r Бо 


dr Fao 
kzhC ‚7 


2 2 
By Integration we get: = ——40% (r -R à ) 


2 
Fao | 


kahC о (? -RÀ 
Е до у 


СошЫпе: 


=> Х = 
1+ 


b) Now, with the pressure drop, 
Ca = Cg = Сло(1-Х)у 


Hence, — Гл =<С 0—- Xy y? => 
dr Fao 


Where y = (1— QW)" and 


2 2 
Using polymath, following graph is obtained: 


Graph Title 


Differential equations 

d(X)/d(r) = 2*8.1416*h*k*Cao^2/Fao*(1-X)^2*y^?*r 
y = (1-alfa"W)^0.5 

W = density*3.1416*h*(r^2- ro^2) 
ГО = 0.1 

density = 2 

Сао = 0.1 

Рао = 10 

К = 0.6 

h= 0.4 

alfa = 0.07 

variable пате : г 

initial value : 0.1 


€) Increasing the value of k increases conversion while decreasing it decreases the conversion. Increasing 
Fao will decrease the conversion and decreasing it will increase the conversion. Increasing Сло causes а 
dramatic increase of conversion. Similarly, decreasing Ca results in a large decrease in conversion. 
Increasing the height will only slightly increase the conversion and decreasing the height causes a real small 
decrease in the conversion. Increasing Ко decreases the volume of the reactor and hence decreases the 
conversion. Increasing В; will increase the conversion as volume increases. 


———————————————————— ————————— — 


CDP4-H 


Liquid phase reaction 


34-8-С 


Бе, 
well mixed 
mo inflow or outflow 
BATCH 


1., Mole balance on batch reactor 
РАЧА шу 
AD Um ЧАУ 
х 
tu N AK. 
ој ТАУ 
e 
2. Rate law 
-TA == к САСв 
3. Stwichiomery 


liquid phase V = V, (barh) [if flow v = v,] 


Са, (1-Х) 


о 
= Уво Мво = Cas = FA = 
бз = у Мло 4. 
4. Combine 
ta = k Cig (I-X)? 
А x 
| сн 
{= Nao [ AX. = 23 ах == Cao рэн CAL TE "m: 
к AY Ng p а „ KCho(1-X)? 
" | 
пер | ра 
ЕСао |, (LXE КСло НХ 
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пьете 


Table of reaction integrais can be found in Appendix А-10, 
a) 


ts cede: ЕКЕН [50 0-8 ‚ t= 450 mir 


1. Mole balance оп CSTR 


vy = FaoX 
"ҒА 


2. Rate Law 
ta = КСАСв 
үч 


3. Stoichiometry 


liquid phase 051, 


Bp- Б. 
Св = Ез == RT. шш Cao (1-Х) 


9 
4. Combine 
= -TAOX 
х Cho(1-X}? 


5. Parameter evaluarion 


4 тойша(09) | 


"t 01 dm? /mol min) (2 желке 1-0. 9р 


b) _ У = 22500 да? 


1. Mole balance оп РЕК 
Fao a = -ТА 


if no pressure or phase change (liquid phase) therefore 


Task Cala 


4-79 


"uu PITE it ny 
Џ 


y 


3. Swichiomery 


liquid phase «3, 
~ Ва _ Fag GU р 
4 we ЛАЙ ay TOE ULL oe FN d: ТА $] 
^ Ё Ө Ао А 
15 99 


Ба. Бао Їв- bx) z 
ЕВ 5% ai = Cag (X) 


4. Combine 


Е. 
k 


М MAI 
As (iX) 


PFR 
dX = ДА. | 1-X*- ij NLKP -A 
ee" = КСА См(1-Х} ^oi Хү ОО 
«ОЧ ах) 
5 
V = 250 „ВА... 
8 1-225Х +X? 
V = 250 b + 415) 424.3) + 445) +16] = 
250 Ыз + 41,41) + 22.41) + 45.26) +100] 
У = 250 3140) 44.15) + 28.3) + 41.45} + 6) 
= 250 din + 41.41) + 212.41) + 45.26) +100] 
= 1656 dz? 


СПРА (a) 
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5. Parameter evaluation 


$ = -- 


d) Solution similar to part (а) to (c) 


Kg = шы Cc xu E Caux X 


8 G0 шола — 
{4 01 алво] min) n molde 


отаға 0,92. 
3p 1-0. 


c) ха = к (СА Cg - s At equilibrium , “Ta =O 


SED НЕЕ 


9 


Са Се (їуъхў Cad i-XP 


22% X2... 
1-25 +X ЕС 


“АЗ 
Х?- 2.25% +1=0 
Xe = 0.51 


=>. 
4 


и 


Вепгепе 5 А 


C,C 
СЕЗ 


c 
for equilibrium -r, =0 .. C2- СаСс <9 
Кс 
C,C 
c? = ВИС 
X 
C,-C,ü-x) c,» Се с, = 
сх. 
С,,(1-Х,) == 
ий 5) 4K, 
4K,(i-X, =X,’ 
АК, -8K,X, +4K X. =X,’ 
0.2X? -24X, 412-0 
X, =0.52 
CDP4-I (b) 
PFR 
Design Equation: У =F,, | 
Rate Law : m 2С S) 
c 
X 
Stoichiometry : С, =C,,0-X) С, = Са с 
C, 5а -0097 A 
073. 288 (so G7 R) 
Ibmol-* R у 
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Combine : У = 


(10!bmol/min X min/60s) 


у! dX 
V = (зоойзЛьшо. -s\0.0037F © Q- XF –0,833Х2 | 


V = 6.76? [ - 
PU. 
44614 —— 1 m 0523( X 71145 
(0617Х11.45--0.523) |11.45 | X - 0.523 
V =13.5ft° 


CDP4-I (c) 
CSTR 
Design Equation: V= FAX 


- ТА 


Rate Law : —r, =k хе -§ Sce ) 


Stoichiometry: С,-С,(-Х) C, аса 


Combine : Ve— ач 
kc [э -ХУ- 2 =) 

____ 00Х05ХМ60) ______ 

(86037 0- -051)- 4% | 


CDP4-I (d) 
Amount processed in CSTR : 


(10 Ibmol/min X60 min/hr X24 hr/day ) = 14,400 lbmol/day 


У = 


2 мин 


2-| х! 
Е £l 
|| 1 0.523/ Х-11.45 
Е ---------------іп-і------- 
КС ao (0. 167 (1 1.45- 0.523) 11.451 X —0.523 


{ = 0.305 
Taking into account the time it takes to clean the reactor and other down time assume that 
the total time per run is 4 hours. Assuming that the reactor can be used twenty-four hours 


a day there can be 6 runs per day. 
14,400 Ibmol/day = 2400 Ibmol/run 


6 runs/day 
N,, гах . _N,, ¢ dX 
tan te lee B Аичи | 


уы. 22 0.523 X –11.45 
t КС? | ©. 18701155: 0.523) |11.45| X — 0.523 


2 2400 1 in 0323( X - 1145 
(0.167 (11.45—0.523) | 11.45| X —0.523 


(4Х180010.0037)/ 
V = 48,690 ft? 
CDP4-I (e) 
Е = 30,202 btu/Ibmol 
ЮгХ-0, -г =КС2, 
а кысы кш ов 4.4. 
ет Ембїс Kun R(T, Т, 
— Y 800) " 30,202 btu/Ibmol 1 с 1 
“ин 1.987 btwIbmol'R(1259.677R 1859.67'Е 
I 
A(800) 49 
ГА(1400) 
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РВЕ 
MB: E ENG 
аху Fio 
Rate Law: гак СА Сл=Сло (1-Х) 
Combine: | 
44: -. У 
ах ЕС 2 
v ш (UM (1 Weyfaw 
| 1-Х Бао | 
_ С, 2 
152 =(——4®у | 1- 8307*w)5aw 
Ju % 
KC ro -4 
Е, 2х10 
CSTR 
MB: у= 227. 
Combine: 
QI ХО. 
КС ао 1-Х) 
1 X 
25107 (1- X) 
X =18 


b) We know, £ = 0, so 
P-P,Qüu-oW)" =1=200-aw)'” 


=> а =9.98 х 107 
с) For conversion to be maximum, a should be minimum 


G? 1 
Also, we know that а is proportional to ————— = MU 5. for turbulent flow 
А.рь D pipe D p 

Е | С 1 | 

And it is proportional to — p UA ыныр for laminar flow 
A.D p D vs D; 
Hence for minimum а, D, and Ор should be increased. d) Yes, we can 
increase D, and decrease Dpipe (or vice versa) according to the above equation to get the same value of а.е) 
1 
For assumed turbulent flow,a is proportional to = 
pipe D p 


6 2 
Now 21 = Pope Р, Dy =] 
? 6 2 
а; р pipel D pl 
Du д 
1 
= and Рџр= 0.5 ст 
р pipe2 


=>D,2 = 0.044 cm 


1 

f) We're given, К ~ — => К, = LL 
D 

p р2 


Непсе Ын = _05_ =11.4 
k, 0.044 


g) Rate law: — Г) = КС, 
Stoichiometry: C д = С AO (1 -Х ју 


^ 
Mole balance: ——- = -——— 
F 40 
dX ЕС, eX 1/2 
Combining: —— = KC, (1- ХМ) " бөге) 


Рад 


СК Ё 
СЭН 11.4 апа — 401 = 2 x 10 Integrating with limits: (Х->0 to X; W> 0 to 1000) => X = 0.78 
1 AO 


— MM дд 


CDP4-K 
t рваные а c^ 
Ао 
2, RateLaw: г, =—К'СЇ1р„ (1 - o) 
where К, pc, and ф are unknown constants. They will be grouped into one unknown 
constant, К. 
к, = КреЏ –) 

2-5 2 ~ QX 

3. Stoichiometry : C, =C CS y 


ё=у,.8 = + - еј 
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4. Pressure Drop: dy == Bo (+X) 


dz Poy 
when neglecting the nirbuient contribution to pressure drop, B, 15 given by 
8. =G 1500~o) p 
тэ СО | тээ — 
i | PoSc Dp" 


where all of the bracketed variables are unknown constants. 


The mass flow rate is also and unknown constant. Thus B, can be written as a constant, 
В, over cross - sectional area. 


1150(1- 
В, ES B. where В = nmi гч 500: Ф 


Where B is a function of the mass flow гаје, feed properties, and catalyst properties----all 
of which are constant for part (а). Note that all equations up to now apply to a tubular 
PBR and spherical PBR. To find B and К, we must model the tubular PBR on 
POLYMATH by entering the above equations in addition to 


Жек 200 ат) =314dm? 


B and k, must be arbitrarily chosen at first. Then, depending on whether POLYMATH 
gives high or low values of y and X, one can converge on the true values of Ко and В. in 
order to do so efficiently, however, one must make use of the following trends: (Note 
that the following table 15 completely true only when € > U.) 

a) From POLYMATH: 
B=843 
К=0.21 
х=.67 | 

Р=уР,=.973*1500=1459.5 
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ae 


Equations: 

G(y) /а (2) =-реља/ (рату) " (l+eps*x) 

d(x} /d(z) --xa*Ac/Zao 

роз1500 | | 

: eps=0,5 X and y vs z 
Fao-S50 "ES 
R=10 

CaosD.4 

k=0.22 

Bz843 

AC-3.1416*(R**2) 
CasCao*y*(1-x)/il*eps*x) 
betacB/Ac 

ха=-К*Са**2 

= 0, 


A 
Mt м 


2.502 


| 
| 


2 


9 ЖЕ = 220 


8(у)/9(2) abeta? (роту) * (1+2ер57х) 
а(х) /diz) »-ra"Ac/Fao 
posi500 
ерз5=0.5 
Баох950 
R=26 
Сао-0,4 
kz0.21 
93:843 0.200 
1=24 
Aczs3.14Y16*(R**2-(z-L)**2) 000 
CasCao*y* (1-х)/ (1«eps*x) 
хал-ХЭСа 2 
betasB/Ac 
*g * 0. Ze 48 
b) From polymath: Maximum flow rate = 1750 mol/s 


5850 


à . 
i 


~ и 


5.402 


А+ as MM 


Equations: 
diy) /diz) -beta/(po*y) *(1«eps*x) 
d(x) /diz) »-ra*Ac/Fao | (b) Еао = 1750 
pos1500 ілюс СЕН знана а та elei 
ерз=0.5 Кеу } 

omen x оваа 
Рао-1750 A Н 
в=26 | 

2500 =. 
Сас-0.4 И 
Хх=0.21 алад 22; M d 
=843 em 
get s 

1=24 ТЕЛЕ 27 


&cs3.1416*(R**2-(z-L)**2) 
CazsCao*y*(l-x)/(l-eps*x) 
raz-X*Ca**2 
betazB/Ac 

20 = 05, т 


Ме је 


Е = 48 
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c) From POLYMATH 
Minimum pressure=80 kPa 


Equations: 


diy) /d(z) я-Ъека/ (роу) *(1«eps"x] 


d(x) /d(z) -га"Ас/Еасо 
ро=80 

ёр5:0.5 

TaosS950 

R:z26 

Сла=0.4 

Код. 21 

В=843 

L=24 
AcS3.14186*(R**2-(z-L)**2) 
CasCaoty* (1-x) / (Leeps*x) 
хаз-Х"Са””2 

betacB/Ac 
54050, Ze а 48 

4) From POLYMATH: 


Equations: 


Кез 
TTE 
UN 


С. 


aly) /d(zis-beta/(po*yl* (1«eps*x) 


а(х) /d(z) «-ra*Ac/Fao 
ро-1500 

ерѕ=0.5 

Рао=950 

R-26 

Сао=0.4 

Ке0.21 

В=843 

1,:24 

Ac-3. 1416*(R**2-lz-L) **2) 
CasCao*y*(1-xl/(i-eps*x) 
хахоктбан»2 

betazB/Ac 
ЫГ = 0, = 


€ 
2.000 toca реро тх Б «о. 92.905 
z 
(8) 
1.2628 + - p 
4 
t 
saco d. 
H Ё 
саад E 
3.655 .-- өте 
| 
| 
à 
} om 
Цэ 
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(b) For a conventional PFR: 


ах 
Балу "ТА 
ep k(C, B CK.) ын КС (0 -Х)- хук) 


For the IMRCF: 


dF, 
=A ry 
dt x 
dr қ 
т) % шээг, VK Cg 


~, = k(C, СК.) 


Use these equations in POLYMATH to generate plots of the conversion profile. 


Оо вета 


2.326 
1 " 
| i 
R242 + p 
i ve 
| аж, 
ESTEE DOE 
2.182 ко pd 
: et 
| ры 
| = 
3 20 ын Pd 
P 
v ad 


2.380 0-р P 
| o 
| РА 
23.20C РА Mes Lk CREER EN ава фис — 4 ——— 
0.00 25.002 40.00 55.000 80,000 02.002 


4-89 


ои 


"o NNUS P d 
i Pd 
"d 


3.250 


——M желет ђе —— M еф (ЖИЫН me -х------- 


6.006 12.000 18.900 2%.000 30.002 


0.000 


(с) Use the same equations for the IMRCF in POLYMATH to generate the desired 
plot. | 


: сєз rac 
2:106 
T - 
| EN 
% TN. 
P E ~. 
1.502 s и 
| MES 
H ^ 
à a 
| ™ 
t mM "es 
3.800 : зэ... 2 
5 $ к M : 
И рых 1 
En TEE | 
} | Я 
EN : 
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(d) By varying one parameter at a tirne we can see the effect of each: 


Increasing the specific reaction rate causes changes in conversion. concentration, 
and molar flow rate to occur more quickly. 


Lowering the transport coefficient (К.) causes an increase in both C, and F,, which 
causes a decrease in conversion. 


By raising the equilibrium constant (K,), we cause а decrease in the molar flow rate 
of A and an increase in conversion. 


(e) А significant increase in temperature for an exothermic reaction would drive the 
reaction in the reverse. This would cause a decrease in X and Cy and an increase in 
the C,. 


A significant decrease in temperature for an exothermic reaction would cause 


increase in the rate of the forward reaction. This would drive up X and C,, while 
lowering C,. 


An increase in temperature would drive an endothermic reaction forward, raising Х 
and Са, while lowering С, 


A decrease in temperature would cause an increase in the reverse reaction for an 
endothermic reaction. This would raise C,, and lower both X and Са 


CDP4-M ко solution 


CDP4-N 
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Note ~ А and B have the same molecular weight 


“ 


А2 
$. = 
А4 


Е х 
AL АО 


> 


H 
D 


tty 
i 


е 
й 


81 О (by problem specification) 


Stoichiometric table 


ialer 00:161 

Р, БАЈКА 

Е E AE = Е x 
у“ Тр РАДА 7 Fast 
Hence 

Foo = Fark 


(5X3 т Е = 
(1X) have Fai 


Ба, (by problem specification) 
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0 A1 (1-X) where X is conversion defined with respect to F 
+ "n 


АМ 


нр ——Ó— 


CDP4-P 


Solution 


Al equilibrium Initial Condition 
koCge = КСС, Cpo = Све 


(а) кәС = КаСад Cap ho 96 “Se t She + Ссе 


=> С во = k, САО R AANE (1) Cee = С AQ 


| iC А : 4 
(b) cx хх КАСА => СА = Сав е 


асс ~ 2) 
тз за ФК Сва тер 
dt 2-80 39€ 


Cyg is a constant 


0 = КС Аб € 1229 к Свь * КС! A ын 


Problems from Probjot 


From (1) 


ks e kat ak, еі => [k, = ka| 


(c) Mw MR КС А => С = Cap e 


for a minima in Cg 
асы 


асы 
dt 1-0 


ылы Ы 
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CDP4-Q 


CDP4-R 


CDP4-S 


CDP4-T 


CDP4-U 


CDP4-V 


e € € M e € M Ó—— M Á 
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Solutions for Chapter 5 – Collection and Analysis of 
Rate Data 


P5-1 (a) Individualized solution 
Р5-1 (b) Individualized solution 
Р5-1 (c) Individualized solution 
Р5-1 (d) Individualized solution 
Р5-1 (е) Individualized solution 
P5-1 (f) Individualized solution 
P5-1 (2) Individualized solution 


Р5-1 (h) Example 5-1 
The graphical method requires estimations of the area under and above curves on a plot as well as in 
reading the intersection of lines on the plot. This can lead to small inaccuracies in each data point. 


The Finite differences method uses mathematical estimates to calculate the rate. It is only possible to use 
this when the time interval of each data point is uniform. 


The graphical method uses polynomial regression to approximate C4 as а function of time. The derivative 
of the polynomial is then used to calculate the rate. 


Р5-1 (i) Example 5-2 
Assuming zero order reaction: 
dC 
Rate law: —-—А=К' 
dt 


250 [30 —— 
0.0256 0.0195 | 0.0174 


zero order reaction Ist order reaction 


CA(mol/dm3) 
e 
о 
a 
In(1/CA) 


Аѕѕићупр Ist gQider reaction: io 200, 558 300 о 50 100 150 200 250 зоо 
ас min.) t(min.) 
Rate law: -——4=k'C, 
dt 


Or, _ In(I/Cy) = К+ 3 
100 
0.0306 0.0222 


C,(mol/dm’) 


5-1 


In(1/CA) 3 327 | 3.49 3.66 3.81 3.94 4.05 


Since none of these plots are straight lines, its is not Ist order reaction or second order reaction. 


Р5-1 0) Example 5-3 Because when а is set equal to 2, the best value of k must be found. 


See Polymath program P5-1-k.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: r = К*(Са^аНа) 


Variable Ini guess Value 95$ confidence 
k 0.1 1.0672503 0.0898063 
alfa 0.5 0.4461986 0.076408 
Precision 

R^2 = 0.9812838 

R^2adj = 0.9750451 

Rmsd = 0.0341709 

Variance = 0.0097304 


Rate law: —r" 1. 1С то!/ ст?.5 


P5-1 (1) Example 5-5 


rate law: Toy, = КЁсо n 


Regressing the data 


r'(gmolCH,gcatmin) | 


Nonlinear regression (L-M) 
Model: r - k*(PCO^alfa)*(PH2^beta) 


Variable Ini guess Value 95% confidence 
k 0.1 0.0060979 6.449E-04 
alfa I 1.1381455 0.0850634 
beta j 0.0103839 0.1951217 
Precision 

R^2 = 0.9869709 
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MM —— 


R^2adj = 0.9782849 
Rmsd = 4.176E-04 
Variance - 2.093E-06 


Therefore order of reaction = 1.14 
Again regressing the above data putting p =1 


POLYMATH Results 


Nonlinear regression (L-M) 
Model: r = k*(PCO^0.14)*(PH2) 


Variable Ini guess . Value 95$ confidence 
k 0.1 0.0040792 0.0076284 
Precision 

R^2 = -0.8194508 

R^2adj = -0.8194508 

Rmsd = 0.0049354 

Variance = 1.754E-04 


Therefore, К = 0.004 (gmoICH;/(gcat.min.atm' '*)) 


P5-2 solution is in the decoding algorithm given with the modules. 
Р5-3 Individualized solution 


Р5-4 (а) 


The kinetics of this deoxygenation of hemoglobin in blood was studied with the aid of a tubular reactor. 


НЬО, > НЬ- О, 
Rate law: -ra=k С» 


ах 


Mole balance: Ё, dv = kC} o ( 1-Х ) 


dV = A dz , where Ac is the tube cross sectional area 
dX _ KC й 


АС» А, С. n 
dz F е 
inf tna + nin(t-X) 
dz 
therefore, 
where, a = Kat 
Ao 
28 Е ЕЕ R кылк ши 
Г ES = и ЕН ee Жи 
pres Dm EN M M NM эв 
Conversion c of HbO2 (Xa) 1 0.0000 | 0.0193 | 00382 | 0.0568 
Г, а X) | 1.0000. | 09807 | 0.9618 | 0.9432 
a: 5 100% Ср ША pa 
| Ах/ёасш9 | - | 0.00386 | 0.00378 | 0.00372 


| 
Г 
Те 
1 
1 


0.074: 
0. 9252. 
0. 018 

0. 00360 


Ww 
| 
EE 
ID 


IN: 
| 


0925 
0. 9075 
0.0177 


0. 00354 | 


Еу 
E 
a 
|: 
T 
| 
d 
| 
ES 
al 


0. 110 
0. 8900 


00175 . 
0.00350 | 


шш в е E 


ИЕ ЕЕ 


| Electrode Position | 1 | 2 | 


rep 


i 
г 
Н 


|  dX/dz(cm!) (000386 | 0.00378 | 0.00368 | 0.00363 |0.00355 | 00035 - 


A histogram plot of А Х/А z vs. z is then produced. The values of dX/dz are evaluated using equal-area | 


graphical differentiation: 
0.00395 - 


0.0039 4 4Х/42 vs. distance 
0.00385 PESE 
0.0038 4 


0.00375 - 
= 0.0037 4.. 
0.00365 + 

0.0036 4 
0.00355 + 

0.0035 4 
0.00345 - 


ах! 


0.0034 ја 
2 (ст) 


т T T T d 
25 5 75 10 125 15 175 20 225 25 275 30 325 35 375 40 


| 
| 0.00345 | 


Using the values obtained above, a plot of In(dXA/dz) vs. In(1-X4) is produced and a line 


is fit to the data 


In(dXidz) vs. In(1-X) 


In(dXidz) 


In(1-X) 


In ЕЗ =-5.5477 +1.0577 (1-Х) 


In(a) = -5.5 
а = ехр(-5.5) = 4.1 x 10? ст. 


ах 


п) -maentn(1-x) 
d 


< 


where,a =- 


Concentration of blood is 150g hemoglobin per liter of blood 


Molecular weight of hemoglobin = 64500 
Ас=0.0196ст 


C,, = 2.3x10 5 mol / ст? 
F,, =45.7x10° moles | s 
_ Foa _ 45.7 x10 "толјез / s 


о СА 23x10 moles / cm х0.0196ст? 


Hence rate law is, 


mol 
Ty ар 


КСА, 


Ао 


(4.1x10? cm) = 4.157) 


а 


Р5-4 (b) 


First we fit a polynomial to the data. Using Polymath we use regression to find an expression for X(z) 
See Polymath program P5-4-b.pol. 


POLYMATH Results 
Polynomial Regression Report 


Model: X = a0 + a1*z + а2*7^2 + a3*243 + а4*2^4 + ab*z^5 + a6*z^6 


Variable Value 95$ confidence 
a0 2.918E-14 0 

al 0.0040267 0 

a2 -6.14E-05 0 

a3 7.767E-06 0 

a4 -5.0E-07 0 

a5 1.467E-08 0 

a6 -1.6E-10 0 
General 


Order of polynomial = 6 
Regression including free parameter 
Number of observations = 7 


Statistics 

R42 = 1 

R^2adj = 0 

Rmsd = 1.669E-10 
Variance = 1.0E+99 


Next we differentiate our expression of X(z) to find dX/dz and knowing that 


„(42 ] =na+nin(1-X) 
dz 


where, а = АС» А 


Ао 


| sc uet [dX | | a | 
Linear regression of In T as a function of In (1 -Х ) gives us similar vaules of slope and intercept 
2 


as in the finite differences. 
POLYMATH Results 


Linear Regression Report 
Model: In(dxdz) = ао + а1*1п(1-Х) 


Variable . Value 95$ confidence 
ао -5.531947 0.0241574 
а1 1.2824279 0.3446187 
Сепега! 


Regression including free parameter 
Number of observations = 7 


Statistics 

В^2 = 0.9482059 
R^2adj = 0.9378471 
Rmsd = 0.0044015 
Variance = 1.899E-04 
п = 1.28 
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In a = -5.53, a = 0.00396 
Fd _ 45.7 x10 * moles | s (3 96х10 ст) = 4.057 


"CA. 2.3x10 moles / cm? х0.0196ст? 


Hence rate law is, 


=r, =4.0C," 


mol 


ат 


Р5-5 (а) 
Liquid phase irreversible reaction: 
A > В + С; Сло= 2 mole/dm’ 


Сло Сл = kc 
А 


[o _______-..6051702 | 


-0.28768207 -5.4806389 
-0.69314718 -6.6846117 


By using linear regression in polymath: 


See Polymath program P5-5-a.pol. In((Cao-Ca0/tau) vs In(Ca) 
POLYMATH Results a ae ae 
-0.8 -0.6 -0.4 


Linear Regression Report | 
Model: у = a0 + а1*!пСа | 


Cro - СА = 8 
In —— | Ink * &In C, 5 y = 2.9998x - 4.6081 
< 
o 
Variable Value 95% confidence © 
a0 - -4.6080579 0.0162119 5 
а1 2.9998151 0.0411145 = ee 
Statistics = Ж) m 
В^2 = 0.9999443 ч сал 
R^2adj = 0.9999258 | 
Rmsd = 0.003883 : 
Мапапсе = 1.256E-04 In(Ca) 
Hence, 
a= slope = 3 
In(k) = intercept = -4.6 
therefore, К = 0.01 mole?min'!. 
dC, 3 на > 
Rate law: x = 0.01C;, mol / dm min 
t 


P5-5 (b) Individualized solution 
P5-5 (c) Individualized solution 


| 
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P5-6 (a) 


Constant voume batch reactor: A> B+C 
Mole balance: 
ас 
A = ке 
dt 


Integrating with initial condition when t = 0 and C4 = Cao for œ 1.0 
E += - 1- 
9 1 С? 2 С а) _ 1 (2)° а) _ (% а) 
k (1-а) К (1-а) 


mol/dm?. 


<+... Sübstituting for initial concentration Cag = 2 


See Polymath program P5-6-a.pol. 


POLYMATH Results 


Nonlinear regression (L-M) 
Model: t = (1/)*((2^(1-аНа))-(Са^(1-аНа)))/(1-аМа) 


Variable Ini guess Value 95% confidence 

0.1 0.0329798 3.628E-04 
alfa 2 1.5151242 0.0433727 
Precision 


R^2 = 0.9997773 
R^2adj = 0.9997327 
Rmsd - 0.1007934 
Variance = 0.0995612 


K= 0.03 (тоудт)) 97,8! and œ =1.5 


ae 0.03С "топ / dm? .s 


Hence , rate law is 


Р5-6 (b) Individualized solution 
Р5-6 (с) Individualized solution 
P5-6 (d) Individualized solution 


P5-7 (a) 
Liquid phase reaction of methanol and triphenyl in a batch rector. 
CHOH + (CsHs)3CCl > (CsHs)3COCH; + НСІ 
А + В > С + D 
Using second set of data, when Сло = 0.01 mol/dm? and Сво = 0.1 mol/dm? 
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Rate law: 
Е m п. 


For table 2 дата: Cao & Cpo => —7, = А Су where К' = КС, 


Using eqn 5-21, £ = — 
k' (-т) k' (1-т) 
See Polymath program P5-7-a-1.pol. 


Nonlinear regression (L-M) 


Model: t  (1/k)*((0.1^(1-m))-(Ca^(1-m)))/(1-m) 


Variable Ini guess _ Value 95$ confidence 
k 1 1.815656 0.0109025 
m 2 2.0027694 0.0021115 


Nonlinear regression settings 
Max # iterations = 64 


Precision 

R^2 = 1 

R^2adj = 0.9999999 
Rmsd = 3.268Е-04 
Variance = 8.902Е-07 


Therefore, m = 2 

For first set of data, equal molar feed => C4 = Св 
Hence, rate law becomes —7, = kC;C; = kc? 
Observation table 2: for Cag 20.01 and Cgo = 0.1 


C,4(mol/dm) 


@-(2+л)) _ (0-24) l-a) _ l-n) 
p ги Ls =, 


k @-(0+п)) k (—1—п)) 


ЕЕ ааа 
0.0847 
ENS 


0.0526 
0.0357 


1 С” — С” E (0.059? m xs 


Vetement memet 


See Polymath program P5-7-a-2.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: t = (1^(-1 -п)-Са^(-1 -п))Д(К*(-1 -п)) 


Variable Ini guess Value 95$ confidence 
n 3 0.8319298 0.0913065 
k 2 0.1695108 0.0092096 


Nonlinear regression settings 
Max # iterations = 64 


Precision 

R^2 = 0.9999078 
R^2adj z 0.9998848 
Rmsd = 0.0233151 
Variance = 0.0048923 


Therefore, п = 0.8 
то! 


ат 


Hence гаје law is: =r, = 0.17 C. C 


P5-7 (b) maividualized solution 


Р5-8 (a) 
At = 0, there is only (СН,),О. At = со, there is no(CH3);O. Since for every mole of (СН,),О consumed 
there are 3 moles of gas produced, the final pressure should be 3 times that of the initial pressure. 


Р(оо) = 3Po 
931 = ЗР, 
Po = 310 mm Hg 


Р5-8 (b) 


Constant volume reactor at T = 504°C = 777 К 


Data for the decomposition of dimethylether in a gas phase: 2 == 
Time ___ 0 ___| 390 777 195 __ 3155 ____| се 
PimmHg) |312 408 562 799 __ 


(СНО > СН, + H, + CO 


Yao 71 
0-3-1-2 
Е-ду,:2 


Р=Р (1+ЕХ) 
at = о, X= Хар= 1 


5-9 


———— 


1 ам, _ = N ло ах 44 
V dt V, dt 
Assume —r, = КС, (i.e. 1“ order) 


С=С (1- Х) (V is constant) 


ТА 


тек С <= AC po (1-Х) 


and X =— 5 
ер, 

| Х 1 dP 

Therefore: — = ——-—— 
EP, dt 

_1 4Р_ _Р-ђ = (Пеј - p) 
гђа ER, PS 
or P К (+ єр, -P) 
Р t 
(К m 
ИВР 


"em £F 
Integrating gives: In] ——————— | = In 
(1+=)Б-Р 


TUN ICT un 
ЗВ -Р 936-Р. 


versus time is linear, the reaction is first order. From the figure below, 


6 
Therefore, if a plot of In 
936 


we can see that the plot is linear with a slope of 0.00048. 
Therefore the rate law is: 


-ғ, =0.00048С, 


1.6 ее алары САН 


у = 0.00048x - 0.02907 


12 j 


0.8 1 


-0.4 T T T 1 
0 1000 2000 3000 4000 


Р5-8 (с) Individualized solution 
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—€—————————M—— PUB eat Шы а 


Р5-8 (а) The rate constant would increase with an increase in temperature. This would result in the 
pressure increasing faster and less time would be need to reach the end of the reaction. The opposite is true 


fro colder temperatures. 


Р5-9 


Photochemical decay of bromine in bright sunlight: 


[t(mi |10 |20 so 160 | 

24 |17 | 0.6 |04 
5 4 2 4 

Р5-9 (а) 


Mole balance: constant V 


dC И 
Ел =r, =-ЕС, 


Differentiation 
T (min) 10 20 30 40 
At (min) 10 10 10 
СА (ppm) 2.45 1.74 1.23 0.88 
ACA (ppm) -0.71 -0.51 -0.35 


AC ^ гт 
At V min 


-0.035 
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10 


-0.26 


-0.026 


50 


0.62 


60 
10 10 
0.44 
-0.18 


-0.018 


———^———————^—5——€——— 


0.014 
-4.269 


у | 
0.042 0.030 0.0215 
-3.170 -3.507 -3.840 
0.207 -0.128 -0.478 


Using linear regression: а = 1.0 
in k = -3.3864 
k = 0.0344 ши! 


P5-9 (b) 


т 


5 - at Ca = 1 ppm 
min 


Е, = (25000 gal)| 0.0344 —5 (123 кк ri 301832 оно рН 
Ї min hr Д 1000mg 1gal 453.6 g ћу 


P5-9 (c) Individualized solution 


r, = 0.0344 £P? = -00344- 
mun 


P5-10 (a) 
Gas phase decomposition 
АЭ B +2С 
Determine the reaction order and specific reaction rate for the reaction 
dC, 1 
--kC, 
dt 


1 1 1 


k(n = соо Ce 


Assume the rate law as: 


Integrating: Ї = 


іші when СА = Слу2 


25341 
=> (ћу) = In DE + (1- п) (Со) 


=> In(t) = ag + ajIn(Cag) 


Сло (атолу) ^ — [t(min) 
0.025 41 1.410987 -3.6888795 


2.0412203 -4.3199912 


(98 122823824 -4.6051702 
0.67294447 -2.9957323 
0.075 0.26236426 -2.5902672 


See Polymath program P5- 10-a.pol. 


POLYMATH Results 
Linear Regression Report 


Model: Int = ао + а1*тСа0 


Variable _ Value _ 95% confidence 
a0 -2.3528748 0.1831062 
al -1.0128699 0.0492329 
General 


Regression including free parameter 
Number of observations = 5 


Statistics 

А^2 = 0.9993004 
R^2adj = 0.9990673 
Rmsd = 0.0091483 
Мапапсе = 6.974E-04 
3.0 —— 


0 А : E 
-461  -420 -3.80 In (cà 410 -299 -2.59 


From linearization, п = 1- slope = 2.103 = 2 
P =] o tee 

k C aar), жадын =10.52 ————— 

a-1 gmol.min 
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eee cca n ascensus c p c Lie 


dC, _ 
dt 


4 gmol / It. min 


tha 


See Polymath program P5-10-a.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: t = ((2(a-1))-1)/(k'(a-1))(1/Ca0^(a-1)) 


Variable Ini guess Value 95$ confidence 
a 2 1.9772287 0.093057 
k 10.52 8.9909041 3.9974498 
Precision 
R^2 = 0.9986943 
R^2adj = 0.9982591 
Rmsd = 0.0531391 
Variance = 0.0235313 
ас, 
Rate law: я =9.0C,’ gmol /It.min 
t 
P5-10 (b) 
We know, 


ER diu -1 1) : 1 "E 
"ibo (4 — 1) Со 
Solving Тог Ка: 1109 С 
28-9 —1 
к-С = | EE 0 
20-1) (0.0252:) gmol.min 


k 
Rin ШЭЭХ 
From these values, E = 2———— = то. : 


= = 76.5 kJ/mol 
11 | Pd | di 
qw 373K 383K 


i e aaeeea e e e a 


P5-11 
Оз + wall 1058 of Оз ki 
Оз + alkene > products Ёс 
Rate law: 


zie dC, 


з dt 


= К, + kz Cou 
Oz 


Using polymath nonlinear regression we can find the values of К1 and k2 


Run ozone rate Ozone concentration Butene concentration 
# (mol/s.dm?) (mol/s.dm?) (mol/s.dm?) 

Ozra CO3 Cbu 

1 1.5е-7 0.01 1е-12 

2 3.2e-7 0.02 1е-11 

3 3.5e-7 0.015 1е-10 

4 5.0е-7 0.005 1е-09 

5 8.8e-7 0.001 1e-08 

6 4.7e-7 0.018 1e-09 


See Polymath program P5-11.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: Ozra = k1+k2*Cbu/CO3 


Variable Ini guess Value 95$ confidence 
k1 2.0E-07 3.546E-07 4.872Е-11 
k2 0.1 0.0528758 1.193E-05 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R^2 z 0.7572693 

R^2adj = 0.6965866 

Rmsd z 4.531E-08 

Variance = 1.848Е-14 
Rate law: 

-7 Cy, 3 
—, = (3.5107 ) + (0.05) 2 mol / dm’.s 
Co, 

P5-12 


Given: Plot of percent 
decomposition of МО; vs V/Fao 


Xe % Decomposition of NO, 


Assume that —r, = АС» 
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Е.Х 
For a CSTR У =—42— 190 те 300" С 


ды 2 


У X X 


or — =— = 


ES 7 КС, 


У 
withn 20, X =k—— 
A0 


Dacomposition NO, ГА) 


У 
X has a linear relationship with —— as 


hown in the figure " же (а. 

S wn n e ur » MM À— ка малын À оналады i CLR ытта о 
DEAN Fug, а 3 met NO, 

Therefore the reaction is zero order. > 


Р5-13 
SiO, + 6HF — H,SiF, +2Н,0 


А сред 


5 


N,= moles of 510, = 


Ас = cross-sectional area 

р; = silicon dioxide density 

МҰ; = molecular weight of silicon dioxide = 60.0 
б = depth of Si 


woN 
100 MW, 
w = weight percentage of HF in solution 
p = density of solution 


V = volume of solution 
MW; = molecular weight of HF = 20.0 


N,- moles of НЕ —— —— 


Assume the rate law is —7; = kC% 


Mole balance: 


ам, у 
dt 


_ А, 46 (| нү Лу 
MW, dt — (1007 MW, 


dó МҰ, | р )w 


са ^ 100 A p; MW, 


_49 _ Ву“ where 8- шин: ES e V 
dt 100" A. 0; MW 


in 22 =Inf+alnw 
dt 
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T 4230*C 


"d E di 


о 700 гот NO, in ава 
© 1896 oor NO, in көй 
Y 3030 pom NO, in Нез 


ад 
In us -16.629 -15.425 -14.32 | -13.816 -13.479 
t 


| аё | || m 
where | —— | is in — 
di min 


d 
From linear regression between In C3 and In w we have: 
t 


slope = a = 1.775 
intercept = In В = -20.462 or В = 1.2986 * 10° 


2.5 


14 
у = 1.7746x - 20.461 


In(-ddel/dt) 
m 


In w 
kMW. р 1775 
ml e абы V 
B 100777 Аср, ГО | 
Ас = (10*10*m) (10m) (2sides) (1000 wafers) = 0.2m? 


MW, =60—8 
gmol 


p, 2232-5. = 232105 £- 
ml m 


(Handbook of Chemistry and Physics, 57" ed., p.B-155) 


о =1-#— 2105 A 
ml m 
MW, =20—8 
gmol 


У 2 0.54т = 0.0005 т: 
В -1.2986*10^? 
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1775 
105 = С 8 | 
1.29865107 = o m gmol 


(0.0005m°) 
20—8 (оё). 3*105 5. EOM 
т? 


3 0775 
k =3.224*107| — min” 
gmol 


5-2.316 : А 
Final concentration of НЕ = — = (0.2) = 0.107 weight fraction = 10.7% 
Initial concentration of HW = 0.2 (given) weight fraction = 20% 
dN, „ам, 
Mole balance for HF: di — = pos 
dt 


where а = 1.775 
ET A a о | 00 MW, талар: 


ida 0.775 , 
Е [ Ww EN p ja Л 
wee 100MW, 


20 

1 1 106 0775 
ox == | =6(3.224*107) t 

0.775 » 20%100 


oss uses Е e -2,289%107 


10.7 


0:775 10.7 "^ 2077 
f. = 331 min 


——M—M———— 


— 


P 5-14 (a) 
А+ЗВ > C+2D+E 


Observation table for differential reactor: 
Temperature(K) Conc. Of 
A(mol/dm*)_ 


Rate 
(mol/dm*min) _ 


Conc. Of 
B(mol/dm?) 


Conc. Of 
C(mol/dm)) _ 


Space time for differential reactor = 2 min 
y- Е, 22 WC, 
"о "Тр 


ар С АЕ ОЕ аи 16 ава а ода а 


ЈЕ = 44 СС 


S = Ad СС 


Where, А is Arrhenius constant 
B = activation energy/R 
x is the order of reaction wrt A 
y is order of reaction wrt B 
Сл is the concentration of C;H4Br 
Св is the concentration of KI 


Now using data for temperature 323K, 333K, and 363K, for finding the approximate value of B because, at 


these temperature, the concentration of A and B are the same. Using polymath, the rough value of B = 
5500K 


While using polymath for solving the rate law apart from guessing the initial values of n, m, and A , we 
change the value of B in the model to get the optimum solution. So after trial and error we got B = 6500K 


See Polymath program P5-14-a.pol. 


POLYMATH Results 


Nonlinear regression (L-M) 
Model: г = A*exp(-6500/T)*Ca^x" Cb^y 


Variable Ini guess Value 95% confidence 
A 3.6Е+05 3.649Е+06 2.928Е+04 

х 0.25 0.2508555 0.0032606 

У 0.2 0.2963283 0.0020764 
Precision 

R^2 z 0.9323139 

R^2adj = 0.8871898 

Rmsd = 3.615Е-04 

Variance = 1.568Е-06 


Hence, by nonlinear regression using polymath 
А = 3.649E+06(mole/dm*)” $(1/s) 

Е = 6500R = 54.015 KJ/mol 

х=0.25 

у= 0.30 

ћепсе, 


г. = 3.64E + Обе 5955/87) 5025 7030 а, а шіп 


Р 5-14 (р) Individualized solution 


P5-15 (a) 
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Model 1: Monod equation 
dC, _ "E dH cC. 
di ^ Қ.С, 
See Polymath program P5-15-a.pol. 


POLYMATH Results 


Nonlinear regression (L-M) 
Model: rg = (umax)*Cs*Cc/(Ks*Cs) 


Variable Ini guess Value 95$ confidence 
umax 1 0.3284383 0.00686 
Ks 1 1.694347 2.2930643 
Precision 
R^2 = 0.9999439 
R^2adj = 0.9999327 
Rmsd = 0.0038534 
Variance = 1.455E-04 
0:033С-С 
r, = SE gdm*h 
1.69 + С, 
P5-15 (b) 


Model 2: Tessier Equation 


г, = LMrax| 1— EXP E Се 


See Polymath program P5-15-b.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: rg = umax'(1-exp(-Cs/K))*Cc 


Variable Ini guess Value 95$ confidence 
umax 0.5 0.3258202 0.0034969 
k 100 20.407487 5.7120407 
Precision 
R^2 z 0.9999454 
R^2adj = 0.9999345 
Rmsd = 0.0038004 
Variance = 1.415E-04 
-С 
ғ,-0331-ехр —— | |Cc gamn 
20.4 
Р5-15 (с) 
Model 3: Moser Equation 
г = Шъ Сс 
5 1+®ЕС? 


See Polymath program P5-15-c.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 
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Manet Эв ЭР ҮЭ 


Model: rg = итах“Сс/(1+К*Сз^(-у)) 


Variable Ini guess Value 95$ confidence 
umax 0.3 0.3265614 6.984Е-04 
к 1.6 162.599 34.273983 
У 1 2.0892232 0.0461489 
Precision 
R^2 = 0.9999447 
R^2adj = 0.999917 
Rmsd = 0.0038269 
Variance = 1.794Е-04 
0.33C,. 


Ее — руфт 
8 14162.6C, 7? 


Р5-16 


Thermal decomposition of isopropyl isocynate in a differential reactor. 


Concentration Temperature 
(mol/dm?) 


Rate law: 
__ __д СЕТ) еп 
r, = Ae С, 
Where, А is Arrhenius constant 
E is the activation energy 


n is the order of reaction 
Ca is the concentration of isopropyl isocynate 


See Polymath program P5-16.pol. 


POLYMATH Results 
Nonlinear regression (L-M) 


Model: rA = A*exp(-E/(8.314*T) (CAn 


Variable Ini guess . Value 95% confidence 
A 100 1.01Е+04 327.35758 
Е 1000 5.805Е+04 237.32096 
п 1 1.7305416 0.0134196 


Nonlinear regression settings 
Max # iterations = 64 


Precision 

R^2 = 0.6690419 
R^2adj = 0.4484032 
Rmsd z 0.0097848 
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Variance = 0.0011489 


Hence, by nonlinear regression using polymath 
А = 10100 (mole/dm?)? $(1/s) 

E = 58000 J/mol 

п= 1.7 

therefore, 


=r, = і0і0бекр 297% 


| Сү mole/dm’.s 


___________________________________________________ а === 


СОР5-А 
Given the reaction P + NH,OH — МН,ОНР 
where P is Penicillin апа NH,OHP is hydroxylamine acid (denoted by subscript НА) 
Let А = Absorbency, then Си, = KA where K is some constant. 


C, =C,,(1-X) (= = 0 for liquid phase reaction.) 


Су, = CX = КА 24 ха BA when X = апа А = А. 


Ро 
С А. 
ALL = oo, А. === 2 AX =—- 
K А. 
Assume reaction is irreversible: -1. = КС = kCp,(1~ X) 
For a batch, constant volume reactor : асва Tp 
V dt dt 


or SEE m Cp Se т. = KCR CI = Xy = -kC (1–АЈА_У 


aon eel a yet 
ЗЕ” ЄЗ (А. -АЈ =К(А_- А) , where К = {%) 
dt А Aw 


Try integral analysis first. Assume that reaction is zero order: 
Then ES =K or faa = А = Кі aplotof А vs. t should be linear if | 


reaction is zero order. From the plot below, it is evident that the reaction 


is not zero order: НО atl ce nce epee 


0 8 €—————————————M—A——————À 
| 2 

0.5 1 e 

0.4 t 

оз + 


ог 


Absorbance 


0.1 
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Next, assume that the reaction is first order: 


dA 


"x =К(А.-А) ог ја 


А 


а 


х A plot of (А. — A) vs. t on semi - log paper should be linear. 


ж 


Ainf-A 


0157” 
0. 35 0.146 
и 0. ы 
жаа ол ————————— ————Mr— —————— ө чн 


Time 


It is evident from the plot that the reaction is not first order. Try second order: 


dA у. 1 1 
dedi Ша tiber y WE AC 
а аса Eres А 


7 А plot of — : 


= 


9 —€—————  —O— e «рт. 
8 2%. 
7 Ф 
6 DL 
= • 
E'T 
«4 » 
= 
~ 
"3 % 
2 - 
0 “ ———— M rte ———P Da! - 
10 20.. 30 50 
P Time 


From the plot, it is evedent that linear relationship exists between (А, - А) and time; 
Therefore the reaction is second order. 


CDP5-B 
Determine the reaction order and specific rate constant for the isomerization reaction: 
АЭ В 
Rate law: 
p с“ ы Сі 
dt 
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Time (шіп) | " Ca(mo/dm))  -АСА/А -dCA/dt 


0 4 

0.37 
3 2.89 

0.32 
5 225 

0.267 
8 145 

0.225 
10 1 

0.175 
12 0.65 

0.133 
15 025 

0.072 
175 0.07 


AES - 3 
“А 


CDP5-C 


Ethane hydrolysis over a commercial nickel catalyst in a stirred contained solid reactor. 


Н, + CoH, > 2CH, 


P, =C RT 2 CART( - X) = PA (1-Х) 
P, -C,RT 2 СТӨ, - X) = Pag (Op - X) 


уби У» _ Yo +s) 
2Ғы 2Yao 2 


и. kP, Ру“ 

In(-r д) = *alnP, + Віа Py 
у= А, T AX, + A,X, 

Fro(gmoVh) Pag(atm) Рво(айт) усы X 


00 00 
1.7 0.5 0.5 5 5 
0.0 0.0 
1.2 0.5 0.5 7 7 
01 01 
0.6 0.5 0.5 6 6 
0.1 
0.3 0.4 0.6 6 02 
0.75 0.6 06 01 0.1 
0.0 0.0 
2.75 0.6 0.4 6 5 
POLYMATH Results 
Nonlinear regression (L-M) 
Model: га = k'(Pa^alfa)*(Pb^beta) 
Variable Ini guess Value 


Q Pa(atm)  Pg(atm) 


1 0.475 
1 0465 
1 042 
15 032 
1 054 
0.6 
7 057 


95$ confidence 
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0.475 


0.465 


0.42 


0.52 
0.54 


0.37 


-ra(gmol/kg.h) 
1.0625 

1.05 

12 


0.6 
0.9375 


2.0625 


Қалаш нана ы арыла асыны ЫНЫН ОЗУ пале па ЖЫ. 


k 0.1 0.5068635 0.1124446 
alfa 1 0.9828027 0.152574 
beta 1 -1.9669749 0.1668241 
Precision 

R^2 z 0.999213 

R^2adj = 0.9986883 

Rmsd = 0.0051228 

Variance = 3.149Е-04 


К = 0.5 atm gmol/hr kg; 4 21; f = —2 


P 
hence, the rate law is: ~r} = 05-2 этой kg.hr 
В 


CDP5-D 


Since oxygen is found in excess, we assume that -r is dependen 
is gi : 1 i t only ов С... 
This gives us a rate law of the form: » P y on Сы, 


“Tro =ЕСю = 
From the units of the specific reaction rate, we assume that а: = 3. Now, using 
equation (5-18) from chapter 5, we can solve for the desired half-lives. 


tuat | 1 ] 25-11 1 ] 22-11 1 ) 
ое о 
k(a —-1) Се) К-1) Cha, , Ж\Сш, 

(а) For Cy, = 3000ppm: | 


| 3 1 | 
t ==. мм имиж ——  — M |а i 
"24x10? балы буйры | Mihi 


(D  ForC,, = 1 ppm: 


Е, =— 3 1 9м; 
12 ас =1.071х 10 min 
( ppm 


CDP5-E 
Given the data, postulate a rate law. 
ө т, = кеу 


Then write the design equation in terms of the data given, in this case volume and time. 
| C,= NV 
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Plug that into the design equation: 


Now find the dexivitive. To do that use the graphical method. 


C-GI-V9VSSIN. | A | AL-(V-Voy/Voey/V | AT4N-NOYNSEYV | 
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di QV VOV 


The following graph is made. 


Once that is done it is the natural log of those values is ready to be graphed. The 
following graph is the natural log of the derivitive of the volume function against 
the natural log of the volume function. . 


ein өнө. 


RR 


From the graph we see that 0.15: 2, We сап also find К: 
.09 
К === ш 018 
3 


303.39* 2 
Мало = Удо Мо = .85 + 8314*313 = O20moles 


NS 02 
The following rate law is found: 
-n =.9* С 
Now, to determine the volume of the CSTR we must use the design equation and 


stoichiometry: 
| у = БХ 
С, = Соб - X) 
Р 
См m 2- 


Ро Уус, = -6 *1013.25ЕРа = 607.95 
Combining these with the rate law just determined, ће following volume is found. 


5-27 


- * 4 ж | 
FX _________1567%4 E: = 6787 dm! 


= 
= 


; HB ын 
Р Кы Ж 
9 0-3) м РИ 8) 


LS 20 д 6 3 


Pee Pu 


Task I. Rewrite the design equation (Le., mole balance) in terms of the measurement 
variables. Recall V = Ae Z, then 


dX „ДАМ 
42 Fao 
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For isothermal operation and no pressure drop. 


се. X) И 
СА = Сло TT Tey Kj Ca = PA/RT 
ER NETTE 

a F АСТЕ) 


G +€X) Pa = Pag (1-Х) 


[x = 1: РАРАО 
| l+ eX PafPao 


d П © Р АРАОЈ Now we have the differential mole balance 
P, in terms of the measured variables P4 and 
(1 *£ ) 
Бі ЖЕ ИМ ы STS 7. 
dz Fao 


Postulate 


M m РЬ 


Task 2. Look for simplifications. 


А) See if volume change can be neglected. 


€ = yasB = EE 10) = (8x 104)-0 


- 


m 
H 


= 0 therefore neglect volume change. 


5 


Puis ste dto 9 
Then: -Za = РаоКАс 
E" i2 Fao 


РТ 
E 


B) We see thar for runs 1 and 3 where Pash, = 1.5 and 3.0 torr, respectively, that 


f 
most of the Есіп is consumed, indicating the equilibrium is reasonably far to 
the right. Consequendy, the reverse reaction is negligible in the first part of the 
ТА = к. РЕ Ра 


С) We also sse that for runs 1 and 3 that B is in excess and that for excess B 
. Йй 
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-Т = k p? ра _ к ра 
E E ж 82 ES Ж — K КА 
dB. acá | 
| uz = КОРА Algonthm 
АР, 
Task 3 смешне | лэг plot vs Z to final- ары 


| dP 
Plot [- ra vs (PA) on log-log paper to find alpha. 


Task 4. Take rado of inidal rates at Pasg = 3.0 torr and Разњу = 15 torr 


ka 2 K Paos P^ {Faas 
НӨ ean eg ээн 


NES | 
46 (LE , Hence. B 2.97 - 1.0 


Therefore -тлекіРАРЫ- Ра] 


i Kp} 
We know у = | because of thermodynamic consistency. Le. 
Ре ] 
“Түй = Оек [р Ра. - —^& 
К. = Се. 
Pae Рв. 


Task 5. Evaluate К and К, 
From А,Ну of 3.0 torr we see equilibrium is reached at PA, =.01 
Рс. = 0.129 - 0.01 = .119 
Зе = 3.0 - .119 = 2.881 


11 
Ко = AS МИЕ == 13 torr’ 


25 ot 
(.01Х2.881) 


From inital care 


SEA = 90 x 107 QE = (129 torr) (3.0 оп) 


К = 0.23 (torr сту! 


ep ee MM 
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СОР5-С 


From given data, find the rate law. 
Given: Oxidation of propene to acrolein 
Rate law: 


ғ, = КРВ," 
AW =0.5¢ 


Using Polymath non linear regression, the following results were obtained: 


Nonlinear regression (L-M) 
Model: га = k*Pp^a*Po2^b 


Variable Ini guess Value 
k 5 0.006609 
a 1 0.9948724 
р 1 0.2034299 
Precision 
R^2 = 0.9999969 
R^2adj = 0.9999953 
Rmsd = 5.722Е-07 
Variance = 4.011E-12 
CDP5-H 
1) 
А КА. E prod -r = k uu 
B --3-» prod ~ па = КС 


-n = КС, С, 


ЕТЕ = kCal 23 Х,) + кС,(1- Xs) 


95% confidence 
2.685E-05 
0.0046367 
0.001358 


C,(0 2 C, (0 + C4 (0 = CL (1 - X4) + C (17 Xa) 


иас” (ka - kAX, +Кь@в — К.Х) 


ЯС; 
dt 


Ср) = Србе) = Cy, (1-5) ) 


0 
50, 
(asa) 9 10 
C(t) а/ы, 0.014 0.0113 9.0097 


ПІ, x * i, 0 0.313 9,531 


= Си (ka = КАХА Яс 0.75к,Ө, Е КьХв) 


2 2 
Cho (1-2,) 
39 240 50 "m 


90,0084 0,0074 0,0060 0.0050 


0.700 0,423 1,90 1.124 


ии. 1 0 0.179 0.307 0,400 0,471 0.371 0.643 


ate) -2.3:107*  -1a:uo7 10201074 аша гала aas 
224 +1.14407* augus +1.бфиК* УЛ 7 daas oparo (sau 


" эй зэв: Р” р - 4 - 
ий, e а-ы? 1.9610 4 inno 9.413110” 3.063107 5.445319 > 3.611107 2.50010 


Ын 1.375 1.653 1.190 1,701 1.111 3.321 1.203 


If ІІ were true, all У $30818 be the same ~~) II is not true 


сеа d 
да На t 


CDPS5-I 
(a) Experimental Plan to find the tate law for the hydrogenation of cyclopentane on a 
PVAL,O, catalyst: 


1. Since this 15 a stable catalyst we don't have to worry about catalyst decay and an 
Integral Reactor will be used. 


2. Perform several different runs, holding C,, and W constant while F,, is varied 
from rün to run. 


3, Plot X, ,, vs. W/F,, for all runs. 
4, Fitacurve through all points which passes through the origin. The slope at any 


point is the reaction rate. Record the slope and corresponding С, for many 
different X, values, These data can be used to determine the rate law. 


(b) Experimental Plan to find the rate law for the liquid-phase production of methyl 
bromide from an aqueous solution of methyl amine and bromine cyanide: 


1. For a liquid-phase reaction without a catalyst, use a batch reactor. 
2. While running the reaction record both С, and С, at equal time intervals 


3. Repeat to ensure accurate data. 


CDP5-I (c) No solution 


CDP5-J No solution will be given. 
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CDP5-K wo solution will be given. 


Solutions for Chapter 6 – Multiple Reactions 


Эдди 


P6-1 Individualized solution 


________——————--——--—--—_—-—-— 


P6-2 (a) Example 6-2 


For РЕК, 
dC dC 
m --k,-k,C, - БС, p =k; 
dC dC 
ак mo 


In РЕВ with V = 1566 dm? we get X = 1.0 and Sgyxy = 0.394 
also at У = 533 dm? Sgyy is at its maximum value of 0.625 


0.7 


940 1253 1566 


0 313 626 940 1253 1566 


See Polymath program P6-2-a.pol. 


POLYMA TH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


tau 0 0 1566 1566 

Ca 0.4 -0.0439962 0.4 -0.0439962 
Cx 1.0Е-07 1.0Е-07 0.1566001 0.1566001 
ср 0 0 0.1490534 0.1256308 
Су 1.0Е-06 1.0E-06 0.1617665 0.1617665 
Cao 0.4 0.4 0.4 0.4 

X 0 0 1.1099906 1.1099906 
k1 1.0E-04 1.0Е-04 1.0Е-04 1.0Е-04 
k2 0.0015 0.0015 0.0015 0.0015 

k3 0.008 0.008 0.008 0.008 
Sbxy 0 0 0.6436717 0.3946104 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(Cayd(tau) = -k1-k2*Ca-k3*Ca^2 
[2] d(Cxyd(tau) = k1l 
[3] d(Cbyd(tau) = k2*Ca 
(41 d(Cy)/d(tau) = КЗ*Са^2 
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Explicit equations as entered by the user 
[1] Cao=0.4 
(21 Х = 1-Са/Сао 
[3] k1 = 0.0001 
[4] К2= 0.0015 
[5] КЗ = 0.008 
[6] Sbxy = Cb/(Cx+Cy) 


(2) Pressure increased by a factor of 100. 
Now Cao = P/RT = 0.4 x 100 = 40 mol/dm? 
For single CSTR, С,” does not change but 


„_У aC Na TF С, __ 40-0.112 эт 
vo - Cay БАС, thygC2 — 0.0001 + 0.00168 + 0.0001 
т = 21217 sec 
P6-2 (b) Example 6-3 


(a) CSTR: intense agitation is needed, good temperature control. 


(b) PFR: High conversion attainable, temperature control is hard — non-exothermic reactions, selectivity not 
an issue 


(c) Batch: High conversion required, expensive products 


(d) and (e) Semibatch: Highly exothermic reactions, selectivity i.e. to keep a reactant concentration low, to 
control the conversion of a reactant. 


(f) and (g) Tubular with side streams: selectivity i.e. to keep a reactant concentration high, to achieve higher 


conversion of a reactant. 
(h) Series of CSTR's: To keep a reactant concentration high, easier temperature control than single CSTR. 
(i) РЕВ with recycle: Low conversion to reuse reactants, gas reactants 


0) CSTR with recycle: Low conversions are achieved to reuse reactants, temperature control, liquid 
reactants 


(К) Membrane Reactor: yield i.e. series reactions that eliminate a desired product 


(1) Reactive Distillation: when one product is volatile and the other is not 


P6-2 (c) Example 6-4 
For k; = ky, we get 


СЕС expl- г) and Sb Has 501977 expl- ңг) 
T 


ЯА а(сь 21120 B kC 
dT 
Now at T =0 ‚„Св= 0 = Св = Я expl- kc | 


AO 
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Optimum yield: 208 -0-4(Сдо ы kyr }- kr expl- Кт J 


ат 
>T = : 
ор! К, 
уо ' = 
Woot = P and Xop =l- expl- Қт )= 1-е 1 =0.632 
1 
For а CSTR: 
W Fao Е, (Сл СА) 
РРА des 
т” С» C, - Ср С, 
-r'a КС, 
C, = C, (7'% +1) 
т'=—5% -С, a C, = с, 
—r', АС, +К,С -4С, (с +1) + КС, 
1.80 
T'kCo(T'k +1) 
Ы T'k, +1 1.64 
to find the maximum concentration of C, differentiate 
Св with respect to т” and set it equal to 0. 1.48 


See Polymath program P6-2-c.pol. 


2 ' 
Cir ВИ Бу азар pes 
а” —k,(t'k, +1) 


simplifying we get 100; 


T? (2kk, –К) +7' (2k, +k; -1)+k, =0 


Then use the quadratic formula to solve for т”. 


(2) Operating temperature = 325 K 


P6-2 (d) Example 6-5 
Ke = Ke = 0.25 
СС, 
м, = Ком, E = Ae 
2 К, 


C, C, 
Tyo = -ЮмоСмн, Cro — 2,4, E EU 
C , 
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5 С, Со, | 1 
Ту, = 6 Чио Сан, Co + Ко, Е zi Ж 5 о, Cy, eH 


С, С 
То, 7 kw, E Um ex 22 Коб, Cy, e 
с 


P6-2 (e) Example 6-6 
For liquid phase, F, =У,С, 


dF dc 
Equation (E 6-6.3): 273 =) UE = -kC uu, Cro — 2.1, Cho 
dC 
=>— = -kC ун, Cre = 2k, Ci 
dt 
dF ас 
Equation (E6-6.8): а =Vo UR E Ко, С м, С о, 
аСуо 


=> ә Куо, Cy, Са 
T 
P6-2 (f) Example 6-7 


For equal molar feed in hydrogen and mesitylene. 

Сно = уноСто = (0.5)(0.032)Ibmol/f? =0.016 Ibmol/ft* 
Cmo = 0.016 Ibmol/fe 

Using equations from example, solving in Polymath, 
we get 


Тон = 0.38 hr. At? = 0.5 hr all of the Н; is reacted and only the decomposition of X takes place.. 


See Polymath program P6-2-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


tau 0 0 0.43 70.43 

сн 0.016 1.64Е-06 0.016 1.64Е-06 
CM 0.016 0.0041405 0.016 0.0041405 
CX 0 0 0.0077216 0.0077207 
k1 55.2 55.2 55.2 55.2 

k2 30.2 30.2 30.2 30.2 

riM -0.1117169 -0.1117169 -2.927E-04 -2.927Е-04 
r2T 0 0 0.0159818 2.986Е-04 
ІН -0.1117169 -0.1117169 -2.927Е-04 -2.927Е-04 
r2H 0 -0.0159818 0 -2.986E-04 
rix 0.1117169 2.927E-04 0.1117169 2.927Е-04 
r2X 0 -0.0159818 0 -2.986E-04 
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sip — ———— 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 
[3] 


d(CH)/d(tau) = r1H+r2H 
d(CM)/d(tau) = r1M 
d(CX)/d(tau) = r1X+r2X 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 


К1 = 55.2 

k2 = 30.2 

ИМ = -К1*СМ*(СН^.5) 
Т = К2*СХ*(СН^.5) 


riH=riM 
r2H = -r2T 
riX=-riM 
r2X = -r2T 


Increasing Өң decreases Тор; and S ул. 


P6-2 (g) Example 6-8 
Using equation from example 6-8: 
Polymath code: 


See Polymath program P6-2-g.pol. 


POLYMATH Results 

NLES Solution 
Variable _Value f(x) 
CH: 4.783E-05 -4.889E-11 
CM 0.0134353 -1.047E-11 
Cx 0.0023222 -9.771E-12 
tau 0.5 
кі 552 
K2 30.2 
CHo 0.016 
CMo 0.016 


NLES Report (safenewt) 


Nonlinear equations 
[ (СН) = CH-CHo«K1*(CM*CH^.5-K2*CX'CH^.5)*tau = 0 


КСМ) = СМ-СМо+К1*СМ*СН^.5*аи = 0 


0.020 


0.016 


0.012 


0.008 


0.004 


0.000 
0.000 


Ini Guess 
1.0E-04 
0.013 
0.002 


f(CX) = (K1*CM*CH^.5-K2*CX*CH^0.5)*tau-CX = 0 


Explicit equations 
[1 


[ tau = 0.5 

[2] K1z552 

[3] K2 = 302 
(41 CHo = 0.016 
[5] СМо = 0.016 


А plot using different values of 7 is given. 
For 7 =0.5, the exit concentration are 


Cy = 4.8 x10? Ibmol/ft 


Cx =0.00232 Ibmol/ft? 


См =0.0134 Ibmol/ft? 


0.020 


0.016 


0,012 
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0.086. 


0.1724 0.258 


0.344 


0.430 


| 


The yield of xylene Кот mesitylene based on molar flow rates exiting the CSTR for 7 =0.5: 


Е, _ С; _ 0.00232 _ 0.89тоге · xylene: produced 


ВЕНЕВ и ЕЕЕ ЕЕ 


Др Cuo Gu 7 0.016-0.0134 — mole-mesitylene · reacted 
The overall selectivity of xylene relative to toluene is: 
~ Р, _ 8.3mole- xylene- produced 


бут = 
Е, mole - toluene - produced 


This Question 


0.0089 
0.0029 


0.0033 


P6-2 (h) Example 6-9 


(1) 
_ | Spq Original Problem. — Sp/u P6-2 h 
Membrane Reactor 


Doubling the incoming flow rate of species B lowers the selectivity. | 


(2) The selectivity becomes 6.52 when the first reaction is changed to А+2В 2 D 


P6-2 (i) Example 6-10 
Original Case — Example 6-10 Р6-21 


15 


12 


The reaction does not go as far to completion when the changes are made. The exiting concentration of D, 


E, and F are lower, and A, B, and C are higher. 
See Polymath program P6-2-1.pol. 


P6-2 (j) 


6-6 


3.4e-13 


2.7е-13 | 


2.0е-13 


1.4е-13 | 


6.8е-14 " ТЕУПа 


IFVIIaX 


Оде) — 149 280 , 420 560 700 


At the beginning, the reactants that are used to create ТЕ-УПа and TF-VIIaX are in high concentration. As 
the two components are created, the reactant concentration drops and equilibrium forces the production to 
slow. At the same time the reactions that consume the two components begin to accelerate and the 
concentration of ТЕ-УПа and ТЕ-УПАХ decrease. As those reactions reach equilibrium, the reactions that 
are still producing the two components are still going and the concentration rises again. Finally the reactions 
that consume the two components lower the concentration as the products of those reactions are used up in 


other reactions. 


P6-2 (k) 


Base case Equal-molar feed 

10 10, 

8 8 

6 6 

4 4 

2 2 

0 ——— 0 = 

0 40 80 у 120 160 200 0 40 80 у 120 160 200 


Increasing умо will increase the production of m-xylene and methane, but will result in a large amount of 
un-reacted mesitylene. 


P6-2 (D Individualized solution 


P 6-3 Solution is in the decoding algorithm given with the modules ( ICM problem ) 


P6-4 (a) 
Assume that all the bites will deliver the standard volume of venom. This means that the initial 
concentration increases by 5e-9 M for every bite. 


After 11 bites, no amount of antivenom can keep the number of free sites above 66 796 of total sites. This 
means that the initial concentration of venom would be 5 5e-8 M The best result occurs when a dose of 
antivenom such that the initial concentration of antivenom in the body 15 5.7e-8 M, will result in a minimum 
of 66 48% free sites, which 1s below the allowable minimum. 


See Polymath program P6-4-a.pol. 
P6-4 (b) 


The victim was bitten by a harmless snake and antivenom was injected. This means that ће тица! 
concentration of venom 18 0. From the program below, we see that if an amount of antivenom such that the 
пиа! concentration in the blood is 7e-9 M, the patient will die. 


See Polymath program P6-4-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 05 0.5 

fsv 0 0 0 0 

fs 1 0.6655661 1 0.6655661 
Cv 0 0 0 0 

Ca 7 ОЕ-09 4 503E-09 7.0E-09 4.503E-09 
fsa 0 0 0.3344339 0.3344339 
Ср 0 0 0 

ку 2 0Е-08 2.0E+08 2.0Е+08 2.0Е+08 
ksv 6.0Е+08 6.0Е%08 6.0Е-08 6.0E+08 
ka 2.0E+08 2 0Е-08 2.0Е-08 2.0Е-08 
kia 1 T 1 1 

Cso 5.0Е-09 5.0E-09 5 0Е-09 5.0E-09 
ksa 6.0Е+08 6.0Е+08 6 0E+08 6.0Е+08 
kp 1.2Е-09 1.2Е-09 1 2Е+09 1.2Е+09 
kov 0 0 0 0 

коа 0.3 0.3 03 0.3 

kop 03 0.3 0.3 03 

а 0 0 0 0 

һ 0 0 0 0 

та 0 0 0 0 

3 -2.1E-09 -2.1E-09 -1 351E-09 -1.351E-09 


ODE Report (STIFF) 


Differential equations as entered by the user 
111 d(fsvyd(t) = kv * fs * Cv - ksv * fsv* Са 
(21 d(fsyd(t) = -kv*fs*Cv - Ка * fs * Ca + Ка * fsa + 9 
(31 d(Cvyd(t) = Cso * (-kv * fs * Су - ksa * fsa * Су) +В 
(41 d(Cayd(t) = Cso*(-ka * fs * Ca + kia * fsa) 41 
[5] d(fsayd(t) = ka * fs * Са - kia * fsa - ksa * fsa Су 
[6] ФСруаб) = Cso * (ksv * fsv * Са + ksa * fsa * Су) + m 


1.00 
Explicit equations as entered by the user 
[1] kv = 2е8 
[2] ksv = 668 SES 
[3] Ка = 208 
[4] Кіа= 1 0.84 
[5] Сѕо = 5е-9 
[6] ksa = 668 
[7] Кр = 1 2e9 9.761 — 
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RUN TRE ——Ó———— кек 


[8] kov=0 

[9] Коа=0.3 

[10] Кор = 0.3 

[11] g= ksa * fsa * Cv + ksv * fsv * Ca 

[12] И = -kp * Си“ Са - kov * Cv 

[13] ms kp * См“ Са - kop * Ср 

[14] |= -Сво * ksv * fsv * Ca - kp * Cv * Са - koa “ Са 


P6-4 (c) 
The latest time after being bitten that antivenom can successfully be administerd is 27.49 minutes. See the 


cobra web module on the CDROM/website for a more detailed solution to this problem 


091 


= 


Free site fraction l-j 


Antivenom Injected at t = 27 49 min 


07 | 
| 
| 
| 
i 
| 

06 | + VEER дыны NE 4 

0 02 04 0.6 0.8 | 12 1.4 16 18 2 


P6-5 (a) 


Plot of C4, Cp and Cy as a function of time (t): 


See Polymath program P6-5-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 15 15 

Са 1 0.0801802 1 0.0801802 
са 0 0 0.7995475 0.7995475 
Cu 0 0 0.5302179 0.1202723 
ki 1 1 1 1 
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k2 100 100 100 100 


Kla 10 10 10 10 

K2a 1.5 1:5 1.5 1.5 

Cao 1 1 1 1 

X 0 0 0.9198198 0.9198198 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Ca)/d(t) = -(k1*(Ca-Cd/K1a)+k2*(Ca-Cu/K2a)) 
121 d(Cdyd(t) = k1*(Ca-Cd/K1a) 
ІЗІ d(Cu)/d(t) = k2*(Ca-Cu/K2a) 


Explicit equations as entered by the user 


[1] k12 1.0 

[2] К2 = 100 
ІЗІ Ktaz 10 
[4] K2az 1.5 
[5] Cao=1 

[6] X2 1-Ca/Cao 
1.0 


0.8 


0.6 


0.4 


0.2 


M 3 6 9 в в шиг 3 8,900 15 
То maximize Ср stop the reaction after a long time. The concentration of D only increases with time 
P6-5 (b) 

Conc. Of U is maximum at t = 0.31 min.(C, = 0.53) 
P6-5 (c) 


Equilibrium concentrations: 
Ca, = 0.08 mol/dm? 

Сре = 0.8 mol/dm? 

Cue = 0.12 mol/dm? 


P6-5 (d) 

See Polymath program P6-5-d.pol. 

POLYMATH Results 

NLES Solution 
Variable Value __ f(x) Ini Guess 
Ca 0.0862762 -3.844Е-14 1 
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асылына c p eiue ctu uci use q tata iuc cast ы ere 


са 0.7843289 -2.631E-14 0 
Cu 0.1293949 6.478E-14 0 
Саб 1 

к1 1 

к2 100 

Kla 10 

K2a 1.5 

t 100 


NLES Report (safenewt) 


Nonlinear equations 
(11 КСа) = Ca0-t*(k1*(Ca-Cd/K1a)+k2*(Ca-Cu/K2a))-Ca = 0 


[2] (Са) = t*k1*(Ca-Cd/K1a)-Cd = 0 
ion 


Explicit equations 


[3] КСи) = t*(k2*(Ca-Cu/K2a))-Cu = 0 
0.295 0.133 0.0862 
0.2684 


[1] Са0-1 Со 0.666 0.784 
A cur 

[4] Klaz 10 X 0.867 0.914 
[5] К2а = 1.5 

[6] 1= 100 


[7] X = 1-Са/Сад 


P6-6 (а) 
ДУХ = С? k, =0.004 "© E 
Гу = СА 1-4. xm min 
А э В posi. k, = 0. Зпип 
3 
Дау = С, в 
mol.min 


Sketch Sgx, Spy and Syxy as a function of Ca 


See Polymath program P6-6-a.pol. 


1) Sue. cS c c MA 


6-11 


9 ; | 
0.0001 0.0326 0.0651. 0.0976 01301 0.1626 


n 
0.0001 0.0326 0.0651, 0.0976 01301 0.1626 


гв БСА 


3) DE = = — D ние Т 
Үх try Mew “ЫС 


0 А | 
9.0001 0.0326 0.0651. ‚0.0976 0.1301 0.1626 


P6-6 (b) 


Volume of first reactor can be found as follows 


6-12 


We have to maximize 5вгхү 

From the graph above, maximum value of Звху = 10 occurs at СА = 0.040 mol/dm? 
So, a CSTR should be used with exit concentration Ce 

Also, Cao = PA/RT = 0.162 mol/dm* 


And — КА = Их + fg ty suc tk4CA +k3C 47) 


ж * 
~ у за ы с у е ) ____- = 92 дат 
—ТА (ky (СА ) + СА + Аз (СА ) ) 
P6-6 (c) 
Effluent concentrations: 
C * l 
We know, t = 9.24 min => т--Ш-- Св => Ср -011—— 
rg ОСА ат 
* * I 
Similarly: Су = 0.007 | and Сү -0003777. 
ат: ат 
P6-6 (d) 
Conversion of A in the first reactor: 
Сло = CA = СХ = Х = 0.74 
P6-6 (e) 
A CSTR followed by a PFR should be used. 
Required conversion = 0.99 
—» For PFR, Mole balance: ау = Fao 
dX -r4 
0.99 
V =10x0.162x | eure жене 


0.74 (Ca + КСА + 6652) 


P6-6 (f) 

If we notice that E; is the smallest of the activation energies, we get a higher selectivity at lower 
temperatures. However, the tradeoff is that the reaction rate of species B, and therefore production of B, 
decrease as temperature drops. So we have to compromise between high selectivity and production. To do 
this we need expressions for k;, k», and k; in terms of temperature. From the given data we know: 


Since we have the constants given at T = 300 К, we can solve for Aj. 


422—299. ei aoa? 
“х. 720000 
P| 1.98(300) 
Е 


Ж —10000 
P| 1.98(300) 
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CE A 


“х. 730000 
P| 198 (300) 


Now we use а mole balance on species А 


volu 
-, 
ja У(С,,-С,) 
-r, 
т= С = Сд 2 Са -C, 


-r ЮС? -k C, KC; 


A mole balance on the other species gives us: 
Е =УС, = rV 
C; =r, 


Using these equations we can make a Polymath program and by varying the temperature, we can find a 
maximum value for Св at T = 306 К. At this temperature the selectivity is only 5.9. This may result in too 
much of X and Y, but we know that the optimal temperature is not above 306 K. The optimal temperature 
will depend on the price of B and the cost of removing X and Y, but without actual data, we can only state 
for certain that the optimal temperature will be equal to or less than 306 K. 


See Polymath program P6-6-f.pol. 


РОГУМАТН Results 
NLE Solution 

Variable | Value _ £ (x) Ini Guess 
Ca 0.0170239 3.663E-10 0.05 
т 306 

R 1.987 

ki 0.0077215 

k2 0.4168076 

Cao 0.1 

Cb 0.070957 

k3 0.6707505 

tau 10 

Cx 0.0100747 

Cy 0.0019439 

Sbxy 5.9039386 


NLE Report (safenewt) 


Nonlinear equations 
[1] f(Ca) = (Сао-Са)/(К1*Са^.5+к2*Са+кЗ*Са^2)-10 = 0 


Explicit equations 

[1] T 2 306 

[2] R= 1.987 

[3] k1 = 1.49e12*exp(-20000/R/T) 
[4] К2 = 5790000*exp(-10000/R/T) 
[5] Сао=.1 
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{61 Cb = 10*К2*Са 

i7] k321.798e21*exp(-30000/R/T) 
181 [аи = 10 

i9] Сх= їаи*к1*Са^.5 

(101 Су = tau*k3*Ca^2 

[111 Sbxy = Cb/(Cx+Cy) 


P6-6 (g) 


Concentration is proportional to pressure in a gas-phase system. Therefore: 


E E ан 
UE AP + P? 


lower production of B. A moderate pressure would probably be best 


which would suggest that a low pressure would be ideal. But as before the tradeoff is 


P6-7 
US legal limit: 0.8 g/l 
Sweden legal limit: 0.5 g/l 
Where A is alcohol in the gastrointestinal tract and В is alcohol in the blood stream 
ас 

2757 
ас 
» = АС, №, 
k, =1017 


k, = 0.1928 
L ћу 


Тууо tall martinis = 80 g of ethanol 
Body fluid = 40L 


2808 8 
^? 40L L 


Now we can put the equations into Polymath. 
See Polymath program P6-7 pol. 


POLYMATH Results 
Calculated values of the DEO variables 


Variable initial value minimal 
value maximal value final value 


t 0 0 10 10 

Са 2 7.131E-44 2 7.131E-44 
Cb 0 0 1.8901533 0.08 

ка 10 10 10 10 

k2 0.192 0.192 0.192 0.192 


ODE Report (REF45) 


Differentíal equations as entered by the user 
i11 d(Cayd(t) = -k1*Ca 
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121 d(Cbyd(t) = -k2+k1*Ca 


Explicit equations as entered by the user 


[1] ki = 10 
[2] К2 2 0.192 
P6-7 (a) 


In the US the legal limit it 0.8 g/L. 
This occurs at t 2 6.3 hours.. 


P6-7 (b) 
In Sweden Св = 0.5 0/1, t = 7.8 hrs. 


P6-7 (с) In Russia Са = 0.0 g/l, t = 10.5 hrs 


P6-7 (d) 

For this situation we will use the original Polymath code and change the initial concentration of A to 1 g/L. 
Then run the Program for 0.5 hours. This will give us the concentration of A and B at the time the second 
martini is ingested. This means that 1 g/l will be added to the final concentration of A after a half an hour. 


At a half an hour C4 = 0.00674 g/L and Св = 0.897 g/L. The Polymath code for after the second drink is 
shown below. 


See Polymath program P6-7-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0.5 0.5 10 10 

Ca 1.0067379 5.394E-42 1.0067379 5.394E-42 
Cb 0.8972621 0.08 1.8069769 0.08 

ха 10 10 10 10 

k2 0.192 0.192 0.192 0.192 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] 4(Сауа() = -k1*Ca 
[2] d(Cb)/d(t) = -k2+k1*Ca 


Explicit equations as entered by the user 
[1] k12 10 
[2] k2 = 0.192 
for the US t = 6.2 hours 
Sweden: t = 7.8 hours 
Russia: t =10.3 hours. 


P6-7 (e) 


The mole balance on A changes if the drinks are consumed at a continuous rate for the first hour. 80 g of 


ethanol are consumed in an hour so the mass flow rate in is 80 g/hr. Since volume is not changing the rate of 


change in concentration due to the incoming ethanol is 2 g/L/hr. 


For the first hour the differential equation for C4 becomes: 
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4С, 


= —k,C, + 2t after that it reverts back to the original equations. 
See Polymath program P6-7-e.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 11 11 

Ca 0 0 0.1785514 6.217E-45 
Cb | 0 -1.1120027 0.7458176 -1.1120027 
ki 10 10 10 10 

k2 0.192 0.192 0.192 0.192 


ODE Report (RKF45) 

Differential equations as entered by the user 
[1] d(Ca)/d(t) = if(t«1)then(-k1*Ca«2"t)else(-k1"Ca) 
[2] d(Cbyd(t) = -k2+k1*Ca 


Explicit equations as entered by the user 
[11 k12 10 
(21 К2 = 0.192 


US: Св never rises above 0.8 g/L so the is no time that it would be illegal. 
Sweden: t = 2.6 hours 
Russia: t = 5.2 hours 


P6-7 (f) 
60 g of ethanol immediately > Ca = 1.5 g/L 


Св = 0.8 g/L at 0.0785 hours or 4.71 minutes. 


So the person has about 4 minutes and 40 seconds to get to their destination. 


P6-7 (g) 

A heavy person will bave more body fluid and so the initial concentration of C4 would be lower. This 
means a heavier person will reach the legal limit quicker. The opposite is true for a slimmer person. They 
will take longer to reach the legal limit, as their initial concentration will be higher. 


P6-8 (a) 
Let A be the tarzlon in the stomach and B be the tarzlon in the blood. 


Моје Balances : 


d ^A pes 
а ^ 
dC 
dt 
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Rate Laws: 
т = КС, КС, 
ҚС, ~k,-k,C, 


АЈ К values are given in the proble m statement. It must be noted, however, that 
for C, « 0, k, must be equal to 0. 


These equations when entered in POLYMATH generate the following results: 
See Polymath program P6-8-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 4 4 

Ca 6.25 0.3111692 6.25 0.3111692 
Cb 0 0 0.5977495 0.4057018 
k1 0.15 0.15 0.15 0.15 

k2 0.6 0.6 0.6 0.6 

k4 0.2 0.2 0.2 0.2 

k3 0.1 0.1 0.1 0.1 


ODE Report (ВКЕ45) 


Differential equations as entered by the user 
[1] d(Ca)/d(t) = -k1*Ca-k2*Ca 
[2] d(Cb)/d(t) = k1*Ca-k3-k4*Cb 


Explicit equations as entered by the user 
[1] k1=0.15 
[2] k2=0.6 
ІЗІ К4-02 
[4] КЗ = if(Cb«O)then (k1*Ca-k4*Cb) else (0.1) 


P6-8 (b) 
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sata права пре аи позове и ТЕ ИКЕ ен пије Se ea повија зена RE OE n маса ба 


From the following graph generated using the above program in POLYMATH, we 
can see the proper doses of the drug: 


1480 4 


1. 
2. 


3: 


1 6 


1.050 - 


Q7. 


3.450 


P6-8 (c) 


If one takes initially two doses of Tarzlon, it is not recommended to take another dose within the first six 
hours. Doing so will result in build up of the drug in the bloodstream that can cause harmful effects. 


P6-8 (d) 


If the drug is taken on a full stomach most of it will not reach the wall at all. The processed food can also 
drag the drug to the intestines and may limit its effectiveness. This effect can be seen in the adsorption 
constant Кү and elimination constant k; values. If kı decreases this means that the adsorption process is slow 


First take two doses of the drug. 
Six hours later take one dose. 
Take one dose every four hours from then on. 


A 6-8b 

й A ЖЕ ^ 
ИЛ МАЛА 1 
ти 

ШІ 


} А В i г 2 
———— e — i 
6360 1,000 25.060 38.060 36.00) 
6-8a 
шиш Жы дағы ыдан HET амы Е 
1 т T U 2 mj 
39.06 18060 25,506 255 
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and if k, increases means that the rate of elimination of Tarzlon increases. The next graph shows the 
concentration profiles for k; = 0.10 h? and k = 0.8 h". Note that the maximum amount of the drug in the 
bloodstream is reduced by two. 


Concentration Profiles 
—+- Ca (mg/d) 

8 —= Cb (mg/dni3) — 06 
MO о 
|- $ Ma 
2: d 
= 02 8 
E 2 o 
Q <$ 

0 ————— 0 
0 2 4 6 8 10 12 
Time (h) 


Concentration profile for Tarzlon in the stomach (A) and bloodstream 
(B). The maximum amount of Tarzlon in the bloodstream is 0.3 mg/dm”. 


a ———M———M—— M————— M —— 


P6-9 (a) 
Reactor selection 
А+В— р Dy =—Na n4 =10ехр(—8000К /Т)С,С, 
А+В- 0 ме r,, =100ехр(-1000К /T)C, Cp” 
s I 10ехр(-8000К /T)C,C, exp(-8000K /T)C, ^ 
ро = — —————————————————MÀMÀ Іп 


At T = 300K 
„Тао 


К, =2.62 x 107 & k; = 3.57 Spy = 2 
с, 
At T = 1000K 
у 92х107С 
К, = 3.35 х 10° & К =36.78 SD лт ae s 


1/2 
C; 


Hence In order to maximize Spy, use higher concentrations of A and lower concentrations of B. This can be 
achieved using: 

1) A semibatch reactor in which B is fed slowly into a large amount of A 

2) A tubular reactor with side streams of B continually fed into the reactor 

3) A series of small CSTR's with A fed only to the first reactor and small amounts of B fed to each reactor. 


E anus oo Spas 


/ A ЖАРНА 


К 1225 


"9223 
ҮҮСЧ, Pure А 


intitially Tubular reactor Ш 


with side streams sca 


Semibatch ; 
Series of small CSTHs 
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Also, since Ep > Ey, so the specific reaction rate for D increases much more rapidly with temperature. 
Consequently, the reaction system should be operated at highest possible temperature to maximize Spy. 


B 


A 
2 
Note that the selectivity is extremely low, and the only way to increase it is to keep « 10 $ and 


A 
add B drop by drop. 


P6-9 (b) 
А+В- 0 аа п, 100ехр(-1000К/Т)С,С, 


А+В>И and 754 = 109 ехр(-8000К /Т)САСв 


ту 100exp(-1000K/T)C,C,  ехр(-1000К/Т) 
DU = — LT ——————————————————————— => == до 
ry 10°ехр(-8000К /ТЭС,С, 10* ехр(-8000К /T) 
At T = 300K 
kı = 3.57 & ky = 2.623 Spy = 1.14 x10 
At T = 1000К 
К, = 36.78 & К, = 3354.6 Spy = 0.103 


Hence we should keep the temperature low to maximize Spy but not so low that the desired reaction doesn't 


proceed to a significant extent. 


P6-9 (c) 
А+В -> 1) and қ, =Юехр(-8000К / T)C,C; 


B+D—U аа ғ, =10’ exp(-10,000K /Т)С С 


РА 


exp(-8000/T)C, 


PY 10 ехр(-10000/Т)С, 
Therefore the reaction should be run at a low temperature to maximize Spy, but not too low to limit the 
production of desired product. The reaction should also take place in high concentration of A and the 
concentration of D should be limited by removing through a membrane or reactive distillation. 


қ, 10° exp(-10000K /Т)С,С, 


P6-9 (d) 
А-» аа қ, =4280ехр(-12000К /T)C, 
D—U, and ғ, 10100ехр(-15000К /T)C;, 


А-0, аа ғ, = 26 ехр( -10800 К /T)C , 


г ___ īp __ 4280ехр(-12000К /T)C, -10,100ехр(-15000К /T)C,, 
ишш 5,  10,00ехр(-15000К /Т)С, + 26exp(-10800K /ТЭС, 

At T = 300K 

к=118х 10^ & kz = 1.94 X 10 & k; = 6.03 x 10” 


If we keep C4 > 1000Cp 


1.18x10 ^C, -194x10 ^ C : 
а DIES LIST. 


DW? 194x107 C, -603x10 5C, .603 
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At T = 1000K 
К, =0.026& — k;231X10? & к= 53 x 10* 


If we keep Сл > 1000Cp 


0.026C, -3.1х10° C, 026 0 


S - 7 
РН? 31хХ107С, *5.3x10 C, .00053 


Here, in order to lower U, use low temperature and high concentration of А 
But low temperature and high concentration of A favours Uz 

So, well have to optimize the temperature and concentration of A. 
Membrane reactor in which D is diffusing out can be used. 


P6-9 (e) 
A+B—D ша к, = 10° exp(-10000K / T)C,C, 
р—А+В аа ғ, = 20 ехр( -2000 K/T)C, 
А+В>И аа ғ, = 10° exp( -3000 K /T)C,C, 
_ гр _ 10° exp(-10000K /Т)С,С, -20ехр(-2000К /Т)С,, 


Ө. =-Р = I A ee esf Mende sd е е ы 
ша 10° ехр(-3000К /Т)С,С, 

At T = 300K 

kı 2334 x 10° & k, = 0.025 & k; = 0.045 


The desired reaction lies very far to the left and Ср is probably present at very low concentrations so that: 


_ 3.34x10°C,C, -0.025C, 0.000334 
id 0.045C,C, 4.5 
Spy = 0 


= 0.000074 


At T = 1000K 
k; = 45399.9 & k,=2.7 & К = 49.7 


If we assume that CACg > 0.001Cp then, 
‹ 453999С,С,-27С, 45399 
ЈУ 49 7С,С, 49.7 


Here we need a high temperature for a lower reverse reaction of D and lower formation of U 
Also we need to remove D as soon as it is formed so as to avoid the decomposition. 


=913 


P6-9 (f) 
А-В- Р ша —-r,-10exp(-8000K /|T)C,C, 
АИ and -қ, = 26exp(—10,800K/T)C, 
UA and | —ry, =1000ехр(-15,000К /T)C,, 

А 10ехр(-8000К /T)C,C, 
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We want high concentrations of B апа U in the reactor. Also low temperatures will help keep the 
selectivity high. 


If we use pseudo equilibrium and set —r4 = 0. 


= –10800 —15000 
-r toe (3099 \с,с, «26e T Je 10009 T је, -o 


D эш Ct ын 


Са 
и 1000ex9{ 15090. 
C, 1! E) 26 EJ 
—4 =——exp| —— |С, +—~exp| —— 
„ 100 Т 1000 Т 
Рб-9 (2) 
А+В -> р and к, -800exp(-8000K /Т)С С, 
А+В—0, and  —5, -10ехр(-300К / T)C,C, 
Dt BU, and -ғ, 10 ехр(-8000К/Т)С,С, 
а) 


_ 800ехр(-8000/Т)С(2С, 80ехр(-8000/Т) 
Эй 10ехр(-300/Т)С,С,  exp(-300/T) Са? 
At T = 300 
 2.008*10 ^ 


PU 0.368С°° 
At T = 1000 


To keep this selectivity high, low concentrations of A, and high temperatures should be used. 
_ 800ехр(-8000/Т)С,7С, 800С%2 
5/7?  ]0*exp(-8000/T)C,C,  10*C, 


To keep this selectivity high, high concentrations of A and low concentrations of D should be used. Try to 


remove D with a membrane reactor or reactive distillation. The selectivity is not dependant on temperature. 


To keep optimize the reaction, run it at a low temperature to maximized Зрлл in a membrane reactor that 
allows only D to diffuse out. 


(2) 
800ехр(—8000/Т)С С; 


S mS PT EAS че а I RECEN CES IUE EU ну aN те Ae илж 
28108 ^ 10exp(—300/T)C,C, +10° exp(-8000/7T)C;C, 


s _ 800exp(-8000/T) C" 


At T = 300 
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ааа ы ы сыз 


х || 209*10°C | 
DUNT? 367C, +2.62*10°C,, 


At T = 1000 and very low concentrations of D 
: ___ 0.268C; 03617 
pU? 7408C,-335C, С 


If temperature is the only parameter that can be varied, then the highest temperature possible will result in 
the highest selectivity. Also removing D will help keep selectivity high. 


P6-9 (h) No solution will be given 


P6-9 (i) 
ть _ ехр(-7000К /Т)С У 
қ; 10С Ы 2 
dF, dF, 
DA TB -r +R 
dy ^ woe? 
ақ, _ dF, _ 
dv ” dv 
_ Рао 
В у, 
А+В— р lp =—Na n4 = -10exp(-8000K /T)C,C, 
A-B—U тэ r,, = -100exp(-1000K / T)C, "^ C, 
Үүл! ЛАТ ТА 
Е Е 
С, “Со, С, "от, 
mol ат? 
С - МА Vo = сей 
Fao = CroVo 


These equations are entered into Polymath and the plots below аге for the membrane reactor. The code can 
be modified to compare with the PFR results. 


See Polymath program P6-9-i.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 10 10 

Fa 4 0.5141833 4 0.5141833 
Fb 0 0 4.5141833 4.5141833 
Fd 0 0 3.034Е-06 3.034E-06 
Fu 0 0 3.4858137 3.4858137 
Cto 0.4 0.4 0.4 0.4 

T 600 600 600 600 

Ft 4 4 8.5141833 8.5141833 
Cb 0 0 0.2120783 0.2120783 
Са 0.4 0.0241566 0.4 0.0241566 
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к1а 0 -4 
rd 0 0 
r2a 0 -0 
ка 0 -0 
rb 0 -0 
ru 0 0 
Vt 5 5 
Fao 4 4 
Rb 0.8 0 
Sdu 5.423Е+05 2 


ODE Report (RKF45) 


.575E-07 


.4461944 
.4461948 
.4461948 


.8 
.894E-07 


Differential equations as entered by the user 


1] d(Fa)/d(V) = ra 
[2] d(Fbyd(V) = rb+Rb 
[3] d(Fdyd(V) = га 


[4] d(Fuyd(V) = ru 


[1] Cto=.4 

[2] Т = 600 

3] Е = Fa+Fb+Fd+Fu 

(41 Cb = Cto*Fb/Ft 

[5] Са = Cto*Fa/Ft 

[6] г1а = -10*exp(-8000/T)*Ca*Cb 
[7] rd=-rta 


Explicit equations as entered by the user 


[8] r2a = -100*exp(-1000/T)*Ca^ 5*Cb^1.5 


[9] ra=rlatr2a 
[10] rb=ra 
[11] ш--ғ2а 
[12] М=5 

[13] Fao=4 
[14] Rb = РаоМ 


.575E-07 


.4461944 


.8 
.423Е+05 


[15] Sdu = exp(-7000/T)*Ca^.5/(10*Cb^.5--.00000000001) 


P6-9 0) No solution will be given 
P6-9 (k) No solution will be given 
P6-9 (D No solution will be given 


ААА АА 


6.0е+5 
4 Sets 
3.6е--5 
2.4е+5 
1.2е+5 


0,де+д 
0 
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-8.297Е-08 
8.297Е-08 
-0.2867066 
-0.2867066 
-0.2867066 
0.2867066 


.894Е-07 


P6-10 (а) 


Species А; 


Species B: 


Species C: 


dC. =g 
dt 
| Jd = К,С, 
Plugging into POLYMATH: gets the following. 
(22 “еш 
Equations: Variable Initial value Maximum value Minimum value Final value 
d(ca)/d(t)zra % 0 100 0 100 
d(cb) /d(t) =xb ca 1.6 1.6 6.7898е-18 6.7898е-18 
diee) /4 (5) sre cb e 1.4558 0 0.6037 
кіш.4 сс 0 0.9953 0 0.9953 
k2z.01 kl 0.4 0.4 0.4 0.4 
ras-kl*ca ка 0.01 0.01 0.01 0.01 
resk2*eb ка -0.64 -2.71592е-18 -0.64 -2.715926-18 
хбаку *са-К2*сЬ rc 0 0.014586 0 0.006037 
tQ * 9, ta „100 rb 0.64 0.54 -0.0132417 -0.006037 
2.022 
key 
"Са psm 4d. 
- © 
Се 
p 
p rae 


For CSTR, т =0.5h 
First calculate k; and k; : 


1 
k = k, exp “Бе 
RDN) Т 
00( 1 1 
голох 19990 1 1 
R 373 T 
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k, =0.01ехр EE 2 


See Polymath program P6-10-b.pol. 


POLYMATH Results 
NLES Solution 
Variable Value £ (x) Ini Guess 
Ca 1.5268515 -6.446E-13 1.5 
Cb 0.0319385 7.28E-14 0 
Сс 0.04121 0 0 
tau 0.5 
T 760 
k1 0.0958161 
ra -0.146297 
k2 2.580579 
rb 0.0638771 
rc 0.0824199 


NLES Report (safenewt) 


Nonlinear equations 

(Са) = tau*(-ra)-(1.6-Ca) = 0 
[2] f(Cb) = tau*(rb)-Cb = 0 

[3] f(Cc) = tau*(rc)-Cc = 0 


кә 


Explicit equations 

[1] tau=.5 

2] T2760 

[3] kt = 72*exp(-10000/(1.987*T)) 
4] ra = -К1*Са 
5 
6 
7 


[5] k2 = 1457152*exp(-20000/(1.987*T)) 
| rb =k1*Ca-k2*Cb 
| го = k2"Cb 


[ 


Cb vs, temperature 


3.00E-02 


2.50Е-02 +- 


2.00Е-02 


Cb (тоуата) 


1.50E-02 1- 


1 00E-02 


5.00Е-03 - 


0.00E«00 4------- 
0 200 400 600 800 1000 1200 


temperature (K) 


Therefore, Cg is maximum at Т=760К. 
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iacuit дады РИИ iu esent ваљања баласы sede AN рыр ttu ue ОЕ 


P6-10 (c) 
(c) Part is similar to part b except for two rate laws: 
n 2k C-k *C, 


Equations: initial value 

dí(cal/d(t)zra 1.5 

d(cb) /d(t) srb 0 

а (сс) #3 (6) = ке 0 

К1к=8.33е-5 аш — 

k1fz.0001 жїл, : 

к2-2.78е-6 ме : 

rczk2*cb ші nd | 

rasklr'cb-klf*ca | 

rbsklf*ca-klr'cb-k2*cb og De 

400 *g 350000 ааа с E Set 
0,420 -» о 


Variable Initial value Maximum value Minimum value Final value 
t 0 350000 9 350000 

са 1.6 1.6 0.436316 0.436316 

cb 0 0.833237 0 0,5159 

сс 0 0.647784 9 0.547784 
kir 8.33е-05 8.33e-05 8.33e-05 8.33e-05 

KLE 0.9001 0.0001 0.0001 0.0001 

ка 2.78е-06 2.78е-06 2.78е-06 2.78e-06 

rc 0 2.3164е-05 0 1.4342e-06 
ка -0.00016 >6.5714682е-07 -0.00016 -5.57168e-07 
rb 9.00016 0.00016 -1.206326ё-06 -7.770348-07 
P6-10 (d) 


Thisis similar to part d except for one rate law: 
r =k, TC ETC. 
Using that in POLYMATH produces the following: 
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Equations: 

d(ca)/d(t)sra 
d(cb) /4 (5) srb 
d(cc)/d(t)«zc 
r=8.33e-5 vac 


2426 


786-5 
k2rz1.39e-6 | 
rasklr*cb-klf*ca nee i - 
rcsk2f*cb-k2r*cc P ino 
$000 чеш 


rbskif*ca-klr*cb-k2f*cbek2r*cc оса 


tg * 9. Cg = 350000 


Variabie initial value Maximum value Minimum value Final value 

t | | 0 350000 9 350000 

са 1.5 1.6 0.490306 0.490308 

cb 0 0.833769 0 0.583662 

сс 0 0.525032 0 0.526032 

кіс 8.33e-05 §. 338-05 8.33е-05 8.33е-05 

kif 0.0001 0.0001 0.0001 0.0001 

k2£ 2.78e-06 2.78e-06 2.788-06 2.78e-06 

x2r 1.39e-08 1.39е-06 1.39е-06 1.39e-06 

ка «0 00016 -4 11573е-07 -0.00016 -4.11573е-07 

кс 9 2.25569е-05 0 8.91396е-07 

zo 0.00016 0.00016 -1.12493e-06  -4.79824e-07 
P6-10 (e) 


(€) — When К1>100 and k2«0.1 the concentration of B immediately shoots up to 1.6 and 
then slowly comes back down, while CA drops off immediately and falls to zero. This is 
because the first reaction is so fast and the second reaction 1s slower with no reverse 
reactions. 

When k2 = 1 then the concentration of B spikes again and remains high, while very 
little of C is formed. This is because after В is formed it will not got to C because the 
reverse reaction is faster. | 

When К-2 = 0.25, B shoots up, but does not stay as high because the second reverse 
reaction is a slightly slower than seen before, but still faster than the forward reaction. 


P6-11 (a) 


Intermediates (primary K-phthalates) are formed from the dissociation of K-benzoate with a CdCl, catalyst 
reacted with K-terephthalate in an autocatalytic reaction step: 


oe »Lr»—— ———————"wÉ————— À— 


А-г e ye Series 
Re 5-459 Autocatalytic 
Соз = Ж и = 0.02mol / ат? 
[кэме es 
mol. 
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Maximum in R occurs at t = 880 sec. See Polymath program Р6-11-а.рді. 


POLYMATH Results 

Variable initial value minimal value maximal value final value 
t 0 0 1500 1500 

А 0.02 0.003958 0.02 0.003958 
R 0 0 0.0069892 0.005868 
S 0 0 0.0100382 0.0100382 
k1 0.00108 0.00108 0.00108 0.00108 
k2 0.00119 0.00119 0.00119 0.00119 
k3 0.00159 0.00159 0.00159 0.00159 
ODE Report (RKF45) аавыг ЖОН" 


Differential equations ав entered by ће user 


[1] d(Ayd(t) = -k1*A 


[2] d(R)/d(t) = (k1*A)-(k2*R)-(k3*R*S) eon 
[3] d(Sy/d(t) = (k2*R)-(k3*R*S) 
Explicit equations as entered by the user әй! 
[1] kt = 1.08е-3 
[2] К2 = 1.19е-3 гі: 
[3] КЗ = 1.59e-3 ми 
P6-11 (b) win : 
1)Т-703 К | ын | 
Cao = 0.019 mol/dm? 9.04 j ET Eu 77 1200 1380 
; E(1 1 
= k exp| =| —-— 
је: | R E T 1 
k = (1.08x10? 57) exp [sou] -2.64x10? s^ 
(1.987cal/mol.K)\ 683K 703K 


Similarly, 
k, -3.3х107% and К, 2 3.1x10? dm’ / mol.s 


Maxima in R occurs at around t 2320 sec. See Polymath program P6-11-b1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1500 1500 

A 0.019 3.622E-04 0.019 3.622Е-04 
R 0 0 0.0062169 8.856E-04 
S 0 0 0.0174625 0.0174625 
ка 0.00264 0.00264 0.00264 0.00264 
k2 0.0033 0.0033 0.0033 0.0033 

k3 0.0031 0.0031 0.0031 0.0031 


ODE Report (RKF45) 048 p 

Differential equations as entered by the user Uk 
111 d(Ayd(t) = -k1*A 
i2] d(R)d(t) = (k1*A)-(k2*R)-(k3*R*S) 
ІЗІ d(Syd(t) = (k2*R)-(k3*R*S) 

Explicit equations as entered by the user 
[1] Кі = 2.64е-3 
[2] k2 = 3.3е-3 


6-30 


ІЗІ КЗ = 3.1е-3 


2) Т = 663 К 
Cao = 0.19 mol/dm? 


Е = 08x10 а )exp| со тод). E э | -042x10? 5^ 
(1.987cal /mol.K)\ 683K 663K 


К,-0,4х10757 
k, -0.78х107 dm | mol.s 
See Polymath program P6-11-b2.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 10000 10000 

A 0.019 2.849E-04 0.019 2.849E-04 
R 0 0 0.0071414 0.0012573 
S 0 0 0.016889 0.016889 
k1 4.2E-04 4.2Е-04 4.2Е-04 4.2Е-04 
к2 4.0Е-04 4.0Е-04 4.0E-04 4.0E-04 
k3 7.8E-04 7.8E-04 7.8E-04 7.8Е-04 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(A)/d(t) = -k1*A 
(21 d(Ryd(t) = (k1*A)-(k2*R)-(k3*R*S) 
[3] d(Syd(t) = (k2*R)-(k3*R*S) 

Explicit equations as entered by the user 
[1] k1 = 0.42е-3 
[2] k220.4e-3 
[3] КЗ = 0.78e-3 

Independent variable 
variable name : t 
initial value : 0 
final value : 10000 


0.020 ~ үш 
0.016 
0.012 
0.008 


0.004 


Пн 


0.000 


0 2000 4000, 6000 8000 10000 


Maxima іп R occurs around t = 2500 sec. 


P6-11 (c) 

Use the Polymath program from part (a) and change the limits of integration to 0 to 1200. We get: 
Слон = 0.0055 mol/dm? 
Срехи = 0.0066 mol/dm? 
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Csexit = 0.0078 mol/dm? 


P6-12 (a) P6-12 (b) 
| mol cha СС) орох mol 
па = КАСА = (071) = Ot ice Dg = y E aa 0.02: i: 
1 E mol 
uma (31517 (3). -0.0026--291 . Ls = OF typ = 2 
3 3 dm as ol 
mol = () жр. а шо 
ha =O" Re ae лей ба = OF be а .5 
P6-12 (с) P6-12 (d) 
= їл 0274) 53 100] | 
577% тре пр = 0%, = 0-27 
КЕСТЕНІ | ы 
„Ра -213Х. 1 _ mo тэ 1 
оо = -0.0052--- т-- ЖЕЗЕУТЕЛМЕТГІНГІ Ue 
gn 5 шт SSD -000652- 
: Ea . mol ға АУМ ММ 5 
Leg Lg -(2Х.049Х А 1) = De. Lyc ш = eS) =.- 0.0067 mo 
| dm' es 
P6-12 (e) 
mol 
Қош 0 ж x Qe 
le n, =0 delet 
hy =0*n, m0 1 
Ы йт? өх 
rye = (.2)(.049)(.51) = 0005-70 
ат эў 
P6-12 (f) P6-12 (g) 
t, = -0.07 - 0.0026 = 0,072629... Vae Rs 
dm? es Р 
mol + 
= 0.095 _ : ы 
ien dm! es = “(Со C4) 
f 
< = 0.023 — 0.0052 -- 0.005 = .mo й 
fe = 0.023 ~ 0.0052 0005 = 0.012877. 1000-01) , 
x "0.0726 ээ = 4000dm 
Tp =0.0078 — 0.033 = 0.00119. | 
dm •5 
dm «5 
P6-12 (h) 
Mole balance: Со -C, = (— ғ, y 
Cee) 
C, = (r D јг 
1 
Rate law: LA --|мс, ЕЈ 
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—Y 


1 2 
T6 E – = БрсСс эб | 


4 
Tp = 25 Бо 


Solving in polymath: 
Sun = Ip/tp = 247 Spc = 1.88 


See Polymath program P6-12-h.pol. 


POLYMATH Results 
NLES Solution 
Variable | Value £ (x) Ini Guess 
Ca 0.0068715 22.904Е-10 3 
Cb 0.9620058 -1.332E-15 0 
Сс 0.5097027 -1.67Е-08 0 
са 0.0038925 -2.391Е-08 0 
се 0.2380808 1.728Е-08 0 
ка 3 
ka 7 
rb 0.0160334 
ra -0.0498855 
ke 2 
rc 0.008495 
rd 6.488E-05 
re 0.003968 
tau 60 
Cao 3 
NLES Report (safenewt) 
Nonlinear equations 
[1] КСа) = Сао-Сачтачаи = 0 
[2] КСЬ) = Cb - rb*tau=0 
[3] f(Cc) = Cc-rc*tau = 0 
[4] КСа) = Cd-rd*tau = 0 
[5] КСе) = Ce - re*tau = 0 
Explicit equations 
[1] kd=3 
[2] ka=7 
[3] rb = ka*Ca/3 
[4] га = -(Ка*Са-+ка/3*Са*Сс^2) 
[5] Ке=2 
[6] rc = ka*Ca/3 - 2/3*Ка*Са*Сс^2 - ke*Cd*Cc 
[7] га = Ка*Са*Сс^2 - 4/3*ke*Cd*Cc 
[8] ге = ke*Cd*Cc 
9] tau = 60 
[10] Сао-3 
P6-12 (i) 
For PFR and gas phase: 
Mole balance: es ТА gen = Үр de = di'y = үр 
ау dV dV dV 
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С, -0.0069М С, =0.96М С. =0.51М С, =0.004M 


Pt MM MÁ— 


| 1 
Rate law: ms ШУ R01 
1 
Fg SETA 
1 2 5 
к= сс Се - Kj, Се C5 
2 4 
ry =| Ej, C Cc E 
Үү |: Ф265| 
Е Е Е 
Stoichiometry: С, = Са ES Соба Е. СЕ RE 
Ру =F; +F; + ВС + Е + Бр 
dy та Е 
dV  2y Fo 


Plot of Свара Сс аге халааг 
See Polymath program Рб-12-1 pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 

V 0 0 100 100 | 
Ға 20 9.147E-04 20 9.147E-04 

Fb 0 0 6.6638171 6.6638171 

Fc 0 0 6.6442656 6.6442167 | 
ка 0 0 0.0201258 0.0171261 

Ее 0 0 0.0043322 0.0043322 

У 2 0.9964621 1 0.9964621 | 
Ft 20 13.330407 20 13.330407 

Cto 0.2 0.2 0.2 0.2 

Се 0 0 0.0993605 0.0993325 

ка 7 7 7 7 

ка 3 3 3 3 

ke 2 2 2 2 

Ca 0.2 1.367Е-05 0.2 1.367Е-05 

rb 0.4666667 3.191E-05 0.4666667 3.191E-05 

ra -1.4 -1.4 -9.586E-05 -9.586E-05 

са 0 0 3.0E-04 2.56E-04 

Fto 20 20 20 20 

rc 0.4666667 -1.923E-05 0.4666667 -1.923E-05 

rd 0 -7.012Е-05 8.653E-04 -6.742Е-05 

ке 0 0 5.908Е-05 5.087Е-05 

alfa 1.0E-04 1.0E-04 1.0E-04 1.0E-04 

X 0 0 0.9999543 0.9999543 


ODE Report (RKF45) 


Differential equations as entered by the user 
i1] d(Fayd(V) = ra 


121 Ур 
[3] d(Foyd(V) = 
[4] d(Fdyd(V) = 
151 d(Feyd(V) = 
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| 
| 
| 
| 
| 
! 
| 


te] d(yy/d(V) = -alfa*Ft/(2*y*Fto) 


Explicit equations as entered by the user 
[1] Ft=Fat+Fb+Fo+Fd+Fe 
121 Cto = 02 
ІЗІ Се = Cto*Fe/Ft*y 
[4] ka=7 
[5] kd=3 
[6] Ке=2 
[7] Са = Cto*Fa/Ft*y 
[8] тр =Ка*Са/3 
191 ra = -(ka*Ca+kd/3*Ca*Cc^2) 
1101 Cd = Cto*Fd/Ft^y 
(111 Но = 0.2*100 
[22] гс = Ка*Са/3 - 2/3*kd*Ca*Cc^2 - ke*Cd*Cc 
[13] rd = kd*Ca*Oc^2 - 4/3*ke*Cd*Cc 
[14] ге -ke*Cd*Cc 
[15] alfa = 0.0001 
1161 Х = 1-Fa/20 


P6-12 (j) Changes in equation from part (1): 
dF, 
dV 

See Polymath program P6- 12-j.poi. 


1 


= – Ко Ке = Кале Сс K afise = 2min 
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0.020 


0.012 


0.004 
0 20 40 р 60 80 100 49%; 
Рб-13 (а) 
m-xylene — benzene + methane 
А > В + M 
m-xylene — p-xylene 
A > Р 


See Polymath program P6-13-a.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 6000 6000 

Fa 75 6.1072984 75 6.1072984 
Fb 0 0 16.297198 16.297198 
Fp 0 0 52.595503 52.595503 
Fm 0 0 16.297198 16.297198 
Fi 25 25 25 25 

Ft 100 100 116.2972 116.2972 
к1 0.22 0.22 0.22 0.22 

k2 0.71 0.71 0.71 0.71 

Cto 0.05 0.05 0.05 0.05 

Ca 0.0375 0.0026257 0.0375 0.0026257 
ri -0.00825 -0.00825 -5.777Е-04 -5.777Е- 04 
Cb 0 0 0.0070067 0.0070067 
r2 -0.026625 -0.026625 -0.0018643 -0.0018643 
Cp 0 0 0.0226125 0.0226125 
Spb 0 0 3.2272267 3.2272267 
tau 0 0 3 3 

У: 0 0 0.7634409 0.7634409 
X 0 0 0.9185694 0.9185694 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
[1] d(Fa)/d(V) = ri+r2 
[2] d(Fb)/d(V) =-r1 
131 d(Fp)/d(V) = -r2 


Explicit equations as entered by the user 
[1] Fm=Fb 
[2] Fi=25 
131 Ft=Fa+Fb+Fp+Fm+Fi 
[4] КЇ 2.22 
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[5] k2=.71 

[6] Сію = .05 

[7] Са = Cto*Fa/Ft 
[8] ri = -К1*Са 
[9] СЬ = Cto*Fb/Ft 


[10] 12 = -к2*Са 

[11] Ср =Cto*Fp/Ft 

[12] Spb = Cp/(Cb+.0000001) 
[13] tau = V/2000 

[14] У =Fp/(75.00000001-Fa) 
[15] X = (75-Fay75 


а т = 2.8 is necessary to achieve 90% conversion 


10 


0.8 


0.6 


0.4 


02 


0 1200 2400 у 3600 4800 6000 
P6-13 (b) 
CSTR 
Mole Balances : F, = Fu ТУ 
Rate Laws: r ==, (с, +k " 


y 


4.0 


32 


24 


0 1200 2400 v 3600 4800 6000 


-Е (1 ` -E(1 1 
k, = koxp =! cues de mede expo eee 


R 


М 


T 946 


(T 946 


ж 


Using these equations and Polymath we find the optimal temperature is 1194 К. The maximum 


concentration of p-xylene is 0.013 mol/dm? 


See Polymath program P6-13-b.pol. 


POLYMATH Results 
NLES Solution 

Variable __ Value Е(х) Ini Guess 
Ca 0.012197 7.15E-11 0.0375 
Cb 0.0122301 5.284E-12 0 

Cm 0.0122301 5.284E-12 0 

Ср 0.0130729 -3.069E-11 0 

Сао 0.0375 

tau 0.5 

klo 0.22 

Е1 2.0Е+04 

R 1.987 

k20 0.71 

E2 10000 
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пр 


Үр 
т 

к1 
кр 
кт 
к2 
кр 
ra 


0.5166557 
1194 
2.0054175 
0.0244601 
0.0244601 
2.143628 
0.0261459 
0.050606 


NLES Report (safenewt) 


Nonlinear equations 


[1] f(Ca) = Ca-Cao-ra'tau = 0 
[2] f(Cb) = Cb-rb*tau = 0 
[3] КСт) = Cm-rm*tau = 0 
[4] КСр) = Ср-грчаи = 0 


Explicit equations 


[1] Сао = .0375 
[2] tau = .5 
[3] klo=.22 
[4] Е1 = 20000 
[5] Rz 1.987 
[6] k20- 71 
[7] E2 = 10000 
[8] Ур = Cp/(.03750000001-Ca) 
[9] Т= 1194 
[10] К1 = k1o*exp((E1/R)*(1/946-1/T)) 
[11] rb =К1*Са 
[12] mzk1*Ca 
[13] k2 = k20*exp((E2/R)*(1/946-1/T)) 
[14] rp =К2*Са 
[15] га = -К1*Са-К2*Са 
Р6-14(а) 


50din? РЕВ 
Mole balance: 


dC A 


аср Тв 
V dar 
dlp rp 
dV о 
“Ск тр 
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re 


Rate laws: 


“рл 
TEZ 


Pra 


rpi — Ез 


ж Ь E 
Тр - ТЕЗ 
Tpi ~ 2762 + ТЕЗ 


ЕЗ 

Ко САСВ 
КезСАСр 
КраСвС2, 


The equation for the conversion of A is : 


See Polymath program P6-14-a.pol. 


POLYMATH Results 


No Title 08-01-2005, Rev3.1.233 


Calculated values of the DEQ variables 


Variable 


t 

Fa 
Fb 
Ес 
Fd 
Fe 
Ff 
vo 


Cao 
Cbo 


Ft 


Cto 
кал 
ke2 
КЕЗ 


се 
са 
Cb 
Ca 


rdi 
re2 
ЕЗ 


ке 
rf 
rd 
ra 
rb 
кс 


ODE Report (RKF45) 


0 
15 
20 


© 


Ui 


HP tU! 
Ui 


“ә 
25 


юш ьььсосососон-мооссоооосоосмьгые с Оооо 


25 


initial value minimal value maximal value 


0 50 
0.2090606 15 
1.3440833 20 
0 1.9655663 
0 7.2554436 
0 2.5920934 
0 4.6265981 
10 10 
1.5 1.5 
2 2 
15.582463 35 
3.5 3.5 
0.25 0.25 
0.1 0.1 
5 5 
0 0.228291 
0 1.4503322 
0.3018965 2 
0.0469574 1.5 
0.0010699 1.5 
0 0.1004639 
0 0.3632767 
0 0.1004639 
0 0.3632767 
-0.042376 1.5 
-1.5 -0.0215011 
-3 -0.0116593 
-0.0962952 1.5 


Differential equations as entered by the user 
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final value 


50 
.2090606 
.3440833 
.3535564 
.4570707 
.5920934 
.6265981 
0 

25 


5,582463 
.5 

.25 

.1 


.0794128 
„4503322 
.3018965 
.0469574 
.0010699 
.0068104 
.0095194 
.0068104 
.0095194 
-0.0030314 
-0.0215011 
-0.0116593 
-0.0111585 


ОоОсоссоосососонсооососоогнмныьмооно 


[1] d(Fa)/d(t) = ra 
[2] d(Fbyd(t) = rb 
[3] d(Fe)/d(t) = rc 
141 d(Fd)/d(t) = rd 
[5] d(Fe)/d(t) = re 
[6] d(Ffyd(t) = rf 


Explicit equations as entered by the user 
[1] voz 10 
[2] Сао = 1.5 
[3] Cho=2 
[4] Е = Fa+tFb+Fo+Fd+Fe+Ff 
[5] Сю = Cao4Cbo 
[6] Ка1 = 0.25 
[7] Ке2=.1 
[8] КЗ=5 
[9] Cc = Cto*Fc/Ft 
[10] Cd = Cto*Fd/Ft 
[11] Ср = Cto*Fb/Ft 
[12] Ca = Cto*Fa/Ft 
[13] rd! = kd1*Ca*Cb^2 
[14] гег = ke2*Ca*Cd 
[15] З = kf3*Cb*Cc^2 
[16] rez re2 
[17] П=ПЗ 
[18] rd = rdt-2*re2-«rí3 
[19] та = -rd1-3*re2 
[20] rb = -2*rd1-rf3 
[21] rc = га1+ге2-2*З 


P6-14 (b) 
(b) Determine the effluent concentration and conversion from a 50dm? CSTR. 
Mole Balance: 


Fao— РА = —ríAV 

Еро ~ Fp = -твИ 
Fo = тоУ 
Ер = TD V 
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= 


Ғы == ГЕИ. 
Be = тру 


т = £, combining rate law and mole balance, 


d 


ЇССА) = Ca-Cao- TAT 
(Св) = Св-Сво -твт 
КСе) = -Сс тот 
КСр) = -Cp+rpt 
(Св) = -Св+твт 
КС») = -Cp тет 


Polymath code, 


f(ca)sca-ca0-ra*tau 
f(cb)scb-cbO-rb*tau 
Ё(сс)ятсж ац-сс 
f(cd)srd*tau-cd 


f(ce)-tau*re-ce 
f(cf)stau*rf-cf 
tausV/vo 

үе50 

џо=10 

са0=1.5 

cb0272.0 
rdiskdi*caecb^2 
re2»ke2*ca*cd 
rf3ekf3*cb*cc^2 
ка1=0.25 
ke2=0.1 

kf3=5 
ras-rdi-3*re2 
rb--2*rdl-rf3 
rcesrditrre2-2*rf3 
rderdi-2*re2trf3 
re=re2 

rf=rf3 

са(0)=1 

съ(0)=1 

сс(0) =1 

са (0)=1 

се(0)=1 

cf (0)=1 


(Ans) Са = 0.61,Св = 0.79,Се = 0.11, Ср = 045, Ср = 0.14, Cp = 0.25 
P6-14 (c) 


(c) Vo = 40407 Semi-Batch reactor. (1) А is fed to B, (2) B is fed to A 
(Case 1) А is fed to В, 
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a m 


Све 


and modifying corresponding polymath code. 


d(ca)/d(t)=ra~vo/V*ca 

d(cb) /d(t) »xbtvo/V*(cb0-cb) 
ca(0)21.5 

cb(0)#0 

х= (сад -са) /cad 


Differences 

(1) Because C po is higher than Cag (ie. 30% higher molar flow rate), case (2) reaches X = 1 in earlier time. 
(2) With the same reason, case (2) produces D and F more 

(3) With the same reason, Cg (in case 2) increases more drastically(excessively) than Са (іш case 1) 


(c) case 1 concentration vs. time 


туннен ин — әке еее енеме ————————————————OAÀ 


| Graph Title 


18 эр ш a ol f 
іше» 
E 


„одо GO OUO 00 


шад А 
o KAA OHO spen 
осе Qo 
jo ea 


1.20 


720 


%- 
$i 


9% арын co Dec E ERES МЫ ыйы. М „мй I T n Jal А n mna 236 $ AA БА селен 
ою 10 09 ою E 50.04 5050 өшір 9.00 90 жы» но ла 
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еее 


Case 1 conversion vs. time 


10:00 20:00 30 00 40.80 50.08 80.00 70.00 80.00 80 00 100 00 
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Case 2 conversion vs. time 
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As Өв increases the outlet concentration of species D and F increase, while the outlet concentrations of 
species А, C, and E decrease. When Өв is large, reactions 1 and 3 are favored and when it is small the rate 


of reaction 2 will increase. 


P6-14 (e) 


When the appropriate changes to the Polymath code from part (a) are made we get the following. 
See Polymath program P6-14-e.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable 
V 
Fa 
Fb 
Fe 
Fd 
Fe 
Ff 
vo 
Ft 
Cto 
ка1 
ke2 
k£3 
Сс 
са 
Cb 
Ca 
rdi 
re2 
ЕЗ 
ге 
rf 


0 
20 
20 


initial value 


minimal value 


0 
18.946536 
18.145647 
0 

0 

0 

0 

100 
38.931546 
.4 

.25 

.1 


.1864364 
.1946651 
‚0016916 


Oooooooocouooo 
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maximal value 


500 

20 

20 
0.9342961 
0.8454829 
0.0445942 
0.0149897 
100 

40 

0.4 

0.25 

0.1 

5 
0.0095994 
0.0086869 
0.2 

0.2 

0.002 
1.691Е-04 
8.59Е-05 
1.691Е-04 
8.59Е-05 


final value 


500 
18.946536 
18.145647 
0.9342961 
0.8454829 
0.0445942 
0.0149897 
100 
38.931546 
.4 

„25 

24 


.0095994 
.0086869 
.1864364 
.1946651 
.0016916 
.691E-04 
.59E-05 

.691E-04 
.59E-05 


омоеоооооолооо 


мн 


та 0.002 0.0014393 0.002 0.0014393 
га -0.002 -0.0021989 -0.002 -0.0021989 
rb -0.004 -0.004 -0.003469 -0.003469 

rc 0.002 0.0016889 0.002 0.0016889 
Scd 1 1 1.1734311 1.1734311 
Sef 0 0 83.266916 1.9686327 


ODE Report (RKF45) 


Differential equations as entered by the user 
[11 d(Fayd(V)- га 

(21 d(Fb)/d(V) = rb 

ІЗІ d(Fe)/d(V) = rc 

d(Fd)/d(V) = rd 

1 d(Fe)/d(V) = re 

d(Ff)/d(V) = rf 
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Explicit equations as entered by the user 
[1] мо = 100 

Ft = Fa+Fb+Fo+Fd+Fe+Ff 
Cto=.4 

kdi = 0.25 

ke2 = 1 

КЇЗ = 5 

Сс = Cto*Fc/Ft 

Cd = Cto*Fd/Ft 

1 Cb = Cto*Fb/Ft 

10] Ca = Cto*Fa/Ft 

111 rdi = kdi*Ca*Cb^2 

12] re2 = ke2*Ca*Cd 

[13] ИЗ = kf3*Cb*Cc^2 

[14] re=re2 

[15] f= З 

[16] rd = rdi-2*re2-erf3 

[17] raz-rd1-3're2 

[18] rb =-2*rd1-rf3 

[19] re=rd1+re2-2*rf3 

[20] Sed = re/(rd+.0000000001) 
[21] Sef = ге/(гї+.00000000001) 
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See Polymath program P6-14-f.pol. 


145 
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P6-14 (g) 
; dF B F, во 
The only change from part (e) is: ——— = r, — —— 
dV V; 
where Ут = 500 dm? and Fg; = 20 mol/min 
See Polymath program P6-14-g.pol. 
1.2 ———— 700 
1.0 560 
07 7 Sed 420 
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(а) Enter the given program into POLYMATH. Equations for the concentrations 


must be added. 


The following maximums can be seen in the graph given. (More exact values can 


be found in the corresponding table in POLYMATH ) 


= 
C Cm. 


= 0.0434 and С, = 0.0033 


Equations: initial value 
а (вс) /d(v) ek1* (£a/ft) * (£b/£6) **(1/2)-JG* (бс ЕЕ кка (ВЕЕ 0000000 
)*(£d/ £t) 

d(fa)/d(v)z-k1*(fa/ft)*(£b/£t) **(1/2) -k2* (Еа/ ЕЕ} *72 9.83 

d(£5) (у) 2-k1/2* (а/с) *(£b/£t) ** (1/2) 4.91 

а (Ем) /d(v) #k3* (с/с) -k4* (£w/£c) * (£d/£t) 0 

d(£d)/d(v) zk2/2* (Za/ ft) * *2-k4* (#8/ £c) * (£w/£t) 0 

d(£e) /а (у) =k3* (£c/£t) 0 

а (ба) /d(v) =k4* (£w/£c) * (£d/ £c) 0 
k1z0.04 Шигтгээ fai fa, Zn, Cs, ба vs. м 
ft-facfbifcsfdefesfucfg шу NU 
k2=0 . 007 mes зә 4 
k3=0, 014 242 : 
к4-0.45 кея 
уо] 00 2 
ссоз0.147 XM ——- 
cascto*(fa/ft) а | & 
cbscto*(fb/ft) | 
ccscto*(fc/ft) соо: -Кашшашоүишїдүлоштүүллүтүлопарө солалиашараалаажае-ү 
НИЕТКЕ 3.000 5.200 с. 400 i a.sga 0.300 1 O08» 
cescto*(fe/ft) 462.560 байн Og, eg даллан 
cwzcto*(£w/£t) E Ы 
cgzcto*(£g/£ft) kon 325 220 3 25 
Уб * 0. Vg = 1000 T 

822200 o 
3.206 


P6-15 (b) 
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pM 


(b) 


Overall yieldof HCOOH: Y, = —£ 
Selectivity of HCHO to СО: 
Selectivity of HCOOCH, to CH,OH: 


Selectivity of HCOOH to HCOOCH, : 


Add these equations to the previous program and use it to generate the desired plots. 
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(c) Modify the original POLYMATH program by adding y to each of the 
concentration terms. Also add the following equation: 


&=0.002 Е, =15 


The graphs of concentration down the reactor are very similar to those generated 
in part (a). The only major difference is that with the change in pressure, the 


maximum reactor volume is significantly smaller. 
Equations: 
d(fc)/d(v)skl*(fa/ft)*(fb/£t)**(1/2)*v-ki*(fc/ft)*y*k4A*(f 
w/ft)*(Ed/£t)*y 


initial value 


dà(f£a)/d(v)s-kl*(i£a/ft)*(fb/ft)**(1/2)*y-k2* (£a/ft)**2*y 10 
d(£fb) /dtv) s -kL/2*(fa/£t) * (£b/£t) **(1/2) *v 5 
d(£w) /d(v) =КЗ* (£c/£t) *y-k4* (£w/£t) * (£d/ft) *y 0 
d(£à)/d(v) =k2/2* (fa/ft) **2*y-kA* (Ем / ЕБ) *(Ed/£t) “у 0 
d(£e) /d(v) 2x3* (Ec/£t) *у 0 
d(£g)/G(v)skA* (fiw/ft)* (EGQ/£tC) зу 0 
Aly) /а(у)=-0.002/2/у* (£c/£co) 1 

Х2<0.007 

к1=0.04 

+ Concentration profile with pressure change 

ftsfacfbeforfdefertfwefg Ў қ 

k3=0.014 з FN. 

к4=0.45 m ЖТ ы” 

мо=100 ee aus "д 

ftosi5 

сашҒа/уо 9.045 

cbsfb/vo 

ccsfc/vo 5.0320 

ed=fd/vo 

cezfa/vo саг 

сун / О ` 

cgz£g/vo 
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о 
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P6-15 (d) 
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- z ——— 
20.208 245.008 360.090 


Concentration profile with pressure change 


enn 


ky = К, expl zi Llc | 
к а T Lj 


Substitute this equation in for all of the К values. Vary Т and find out what 
temperature maximizes the yield of C. 
The best temperature at which to run the reactor is 523 K or 230°C. 


P6-16 (a) 
(a) 
dF, ЧЕ 
Mole Balances: с=ш= = = ote гоог 
dv * dv ^ dv ^ av 9 
Rate Laws: Ip ЕС ~ К,Се tp К,Сс-К,С,4К,С, 
г, sk Ce "Ср -k,C, -Е5С, ЭРЭЭЭЛ 
Ё Е P. oou F 
Stoichiometry: Cet lel С,љ=С || GaG С=С) 
y с ЈЕ | Р 53 А 48 | ~ т % 


Е, =F, +В +F, +Е, 


Use these equations in РОГ УМАТН to generate а plot of the flow rates vs. t. 
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Mole Balances: Е =Е, tY  F,-nV F,zrV Бошт/У 
Rate Laws: te Hoek, Се "КС tp = K Сс - КС, +k СА 


г, =k Ce 4 K,C, -k,C, ~ К.С, ES КС, 
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ЕЕ 


Stoichiometry: Е.-у,Се Е-у,/Сь Қозу, СА Беч С 
Combine : КС) = 0 = Се Co + (к +k, Сет 

f(C,) 202 C, - (KIC, - КС, С.” 

КС.) 202 C, - (KC; - КС -k,C, - КС 


ЕС, )-0-0,-К,С,т 


Use these equations in POLYMATH to generate values for the flow rates at different 
values of t. Use these values to generate the desired curve. 


Equations: Inicial value 
É(cc) scc-cco-(K1-*k2) *cc*cau 2 
Ё(ср)=ср-{К1*сс-К3*ср+К4*са) *tau 0 
fí(ca)zsca-(Xl*cc-k3*cp-kd*ca-k5*ca)*tau 0 
€(co}sco-kS*ca*tau 0 
ссоч?2 
к1=0.12 
к2-0.046 Solution 
30.02 Yarrable Value 1. 

ce 0.0333701 
k4=0.034 

ср 0.211711 -1.078e-16 
уо=10 са 0.00633865 . -2.309e-18 
К5=0.04 со 0.0260638 -8.518e-18 
v=3000 sen A 

Я kl 6.12 
Ёсеуо*сс е? 0.046 
fpsvo*cp k 3 C.02 
ОЕ k4 0.034 
SE vo tQ 

FARNO" en KS 0.04 
tausV/vo у 3000 

fc 0. 393701 

ғр ыл 

га 0.C633865 

fo 0.260638 

tau заа 


(b) Flow rates vs. t 


0 50 100 150 200 250 300 350 
t (min) 


P6-16 (c) Individualized solution 
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ИЧ 


P6-17 Individualized solution 


P6-18 (a) 
Blood coagulation living example 
See Polymath program P6-18.pol 


OLYMATH Results 
Example CD Solved Problems - Blood Coagulation 08-25-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value Maximal value final value 


t 0 0 700 700 

TF 2.5E-11 8.24E-14 2.5E-11 8.24E-14 
VII 1.0Е-08 3.513Е-10 1.0Е-08 3.513E-10 
ТЕУІІ 0 0 2.027Е-11 5.71Е-12 
VIIa 1.0E-10 1.0Е-10 9.724E-09 9.724R-09 
TPVIIa 0 0 3.361E-13 1.665E-13 
Xa 0 0 1.481E-09 1.481Е-09 
тта 0 0 2.487Е-07 1.846Е-09 
X 1.6E-07 1.426E-07 1.6E-07 1.426E-07 
TPVIIaX 0 0 1.869E-13 8.423E-14 
TFVIIaXa 0 0 5.673E-14 2.608E-14 
IX 9.0E-08 8.994E-08 9.0Е-08 8.994Е-08 
TFVIIaIX 0 0 7.2E-14 3.568E-14 
IXa 0 0 3.579E-11 3.579E-11 
II 1.4E-06 -3.41E-24 1.4E-06 -1.05Е-25 
VIII 7.0E-10 -2.024E-28 7.0Е-10 -1.026Е-38 
уттта 0 0 5.352Е-10 3.366Е-11 
IXaVIIIa 0 0 2.988E-12 2.873E-12 
IXaVIIIaX 0 0 5.372Е-12 4.995Е-12 
утїїа1ь 0 0 6.585Е-10 6.585Е-10 
VIIIa2 0 0 6.585E-10 6.585E-10 
V 2.0E-08 -1.55E-52 2.0E-08 2.793E-90 
Va 0 0 1.943E-08 5.077Е-09 
Хауа 0 0 1.492Е-08 1.492Е-08 
XaValIl 0 -3.938E-26 2.281E-10 -6.977Е-27 
mila 0 -8.77Е-25 3.788Е-07 1.663Е-25 
ТЕРТ 2.5Е-09 2.094Е-09 2.5E-09 2.094E-09 
XaTFPI 0 0 3.867Е-10 3.867Е-10 
TFVIIaXaT 0 0 1.881Е-11 1.881Е-11 
ATIII 3.4E-06 2.001E-06 3.4E-06 2.001Е-06 
XaATIII 0 0 6.073Е-10 6.073Е-10 
mIIaATIII 0 0 8.247E-07 8.247E-07 
IXaATIII 0 0 1.301E-11 1.301E-11 
TFVIIIaAT 0 0 8.354E-14 8.354E-14 
IIaATIII 0 0 5.734E-07 5.734E-07 
k1 3.2E+06 3.2E+06 3.2Е-06 3.2Е-06 
к2 0.0031 0.0031 0.0031 0.0031 

k3 2.3Е+07 2.3Е+07 2.3Е+07 2.3Е+07 
k4 0.0031 0.0031 0.0031 0.0031 

k5 4.4Е%05 4.4Е+05 4.4Е+05 4.4Е+05 
кб 1.3Е+07 1.3Е+07 1.3Е+07 1.3Е+07 
k7 2.3E404 2.3Е+04 2.3Е+04 2.3Е+04 
ка 2.5Е+07 2.5Е+07 2.5Е+07 2.5Е+07 
к9 1:05 1.05 1.05 1.05 

k10 6 6 6 6 

к11 2.2E+07 2.2E+07 2.2E+07 2.2E+07 
k12 19 19 19 19 

k13 1.0Е+07 1.0E+07 1.0E+07 1.0Е+07 
k14 2.4 2.4 2.4 2.4 
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к15 
k16 
k17 
k18 
ki9 
k20 
k21 
k22 
k23 
k24 
k25 
k26 
k27 
k28 
k29 
k30 
k31 
k32 
k33 
k34 
k35 
k36 
k37 
k38 
k39 
k40 
к41 
k42 
rl 

r2 

r3 

r4 

r5 

кб 

r7 

r8 

r9 

(10 
ril 
к12 
гіз 
14 
к15 
r16 
к17 
r18 
к19 
r20 
r21 
r22 
r23 
r24 
r25 
r26 
r27 
r28 
r29 
r30 
r31 
r32 
r33 
r34 
r35 
r36 
r37 
r38 
r39 


осососососососососососоососососососососососососоосоососососососсосоооосоосоо 


230 


9. 


0 


1. 


1 


! І 
омээооэооооо оооооооососооос 


1-1 
~ (9 


.728Е-17 


.735E-14 


.6E-29 
.831E-28 


.108E-52 


.763E-24 
.056Е-24 
.БЕ-24 

.733Е-25 


.248Е-26 
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> 
со 


~ ну ш DO d» кә КУ ~] Ке М QO DO DO QU) лошо UI jS EO. > EDO. А EB. У ООО 


.121E-12 
.381E-15 
.078E-12 
.024E-13 
.728E-13 
.296E-13 
.883E-13 
.159E-11 
.674Е-14 
.494Е-14 
.406E-11 
.372Е-15 
.405E-11 
.211E-12 
.527E-15 
.372Е-15 
.312Е-10 
.999E-09 
„974Е-09 
.764E-08 
.35E-08 

.449E-08 
.132Е-09 
.762Е-12 
.372Е-13 
.492Е-14 
.065Е-15 
.19Е-15 

.387Е-12 
.708E-09 


! 


Wm og» Q) NO F2 ке DO ~ сунг оу DO МЮ ә лом (л > ES. кә a н> OY Со ҥе i (л (л со Ul во OY FO (л ҥ F2. КО 


„152Е-91 
.999E-09 
.974Е-09 
.128-25 
.105E-24 
.81E-25 

.062Е-26 
.762E-12 
.372Е-13 
.762Е-14 
.065Е-15 
.19E-15 

.387Е-12 
.499Е-27 


r40 
r41 
r42 


Total 


ооо о 


0 
0 
0 
0 


ODE Report (STIFF) 


Differential equations as entered by the user 


Explic 
[1] 
(2] 
[3] 
4] 
[5] 
[6 
[7] 
8] 
[9] 


d(TF)/d(t) = r2-r1-r3+r4 
d(Vil)/d(t) = r2-r1-r6-r7-r5 
ТЕУІ) = г1-г2 
d(Vila)/d(t) = -г3+г4+г5+г6+г7 


3.502Е-14 
4.224Е-09 
1.78E-16 

5.749E-07 


d(TFVila)/d(t) = г3-г4+г9-г8-г11+712-г13+г14-г42-г37+г15 
d(Xa)/d(t) = r1 1+r12+r22-r27+r28-r33+r34-r38 


d(llayd(t) = r164r32-r41 
d(X)/d(t) = -r8+r9-r20+r21+r25 
d(TFVIIaX)/d(t) = r8-r9-r10 


d(TFVilaXa)/d(t) = r104r11-r12-r35«r36 


d(IX)/d(t) = r14-r13 
d(TFVIlIalX)/d(t) = r13-r14-r15 
d(IXayd(t) = r15-r18+r19+r25-r40 
d(Il)/d(t) = г30-г29-г16 

а(УШУа() = -r17 

d(Villa)/d(t) = r17-r18+r19-r23+r24 


d(IXaVIlla)/d(t) = -720+721+722+718-719 


d(IXaVIllaX)/d(t) = г20-г21-122-г25 
d(VitlaiL)/d(t) = r23-r24--r25 
d(Villa2)/d(t) = г23-425-г24 
d(V)/d(t) = -r26 

d(Va)/d(t) = r26-r27+128 
d(XaVa)/d(t) = r27-r28-r29+r30+r31 
d(XaVall)/d(t) = r29-r30-r31 
d(mlla)/d(t) = r31-r32-r39 
d(TFPIy/d(t) = r34-r33-r35-r36 
d(XaTFPI)/d(t) = r33-r34-r37 
d(TFVilaXaTFPIl)/d(t) = r35-r36+137 
d(ATlID)/d(t) = -r38-r39-r40-r41-r42 
d(XaATIII)/d(t) = r38 
d(mllaATIIl)/d(t) = r39 
d(IXaATIII)/d(t) = r40 
d(TFVIIIaATII)/d(t) = r42 
а(ШаАТІШУа() = 141 


И equations as entered by the user 
k1 = 3.2e6 

k2 = 3.1e-3 

k3 = 2.3e7 

k4 = 3.1e-3 

k5 = 4.4e5 

k6 = 1.3e7 

k7 = 2.3e4 

k8 = 2.5e7 

k9 = 1.05 


] k10=6 


k11 = 2.2e7 


] ki2=19 


k13 = 1.0e7 
К14=2.4 
k15 z 1.8 
К16 = 7.5e3 


3 40E-13 


2.04E-13 
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ТЕУПа 
^ ТЕУПах 
IFVilaXa 
" ТЕУПах 


3.502Е-14 
2.704E-11 
7.705E-17 
1.903E-09 


694.64 


——Ó 


(л (л (л (л «л 03 (л (Л > 
-1 бу л із Юю ке OW со 


4 M гээ кча гуа чч кча o o м 


k17 = 2e7 
К18 = 1.0e7 
К19 = 5е-3 


] К20 = 1e8 


К21 = 1е-3 
К22 = 8.2 
К23 = бе-3 


] k24 = 2.2e4 


k25 = 1e-3 
k26 = 2e7 
k27 = 4e8 
k28 = 0.2 

k29 = 1е8 
k30 = 103 


] k31 =63.5 


k32 = 1.5e7 

k33 = 9е5 

k34 = 3.6е-4 

k35 = 3.2e8 

k36 = 1.1e-4 

k37 = 567 

КЗ8 = 1.5e3 

k39 = 7.1e3 

k40 = 4.9e2 

k41 = 7.1e3 

k42 = 2.3e2 

r1 = k1*TF'VII 

r2 = k2*TFVII 

ІЗ = k3*TF*Vila 

r4 = k4*TFVIla 

r5 = k5*TFVIla*Vil 
гб = k6*Xa*VII 

r7 = k7"lla* VII 

r8 = k8*TFVIla*X 

r9 = k9*TFVIIaX 

r10 = k10* TFVIIaX 
(11 = К11*ТЕУНа*Ха 
г12 = k12*TFVIlaXa 
r13 = К1З"ТЕУПалХ 
r14 = k14*TFVIIalX 
r15 = k15*TFVilalx 
16 = k16*Xa"ll 

r17 = К17*На*\И 
(18 = k18*IXa'Vllla 
r19 = k19*IXaVIlla 
r20 = К20*1Ха\Ша*Х 
721 = k21*IXaVIllaX 
122 = k22*IXaVillaX 
r23 = k23*Villa 

r24 = k24*VillaiL*Viila2 
125 = к25*ХаМШах 


1 r26 = k26*lla*V 


127 = k27*Xa*Va 

r28 = k28*XaVa 

129 = k29*XaVa"ll 
r30 = k30*XaVali 

r31 = k31*XaVall 

r32 = k32*mlla*XaVa 
r33 = k33*Xa*TFPI 
134 = k34*XaTFPI 
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[77] 135 = КЗ5"ТРМНаХа"ТЕР! 
[78] r36 = КЗ6*ТЕ\УНаХатТЕР! 
1791 137 = КЗ7*ТЕ\/Па*ХаТЕР1 
[80] r38 = k38*Xa"ATIII 

[81] r39 = kK39*mlla"ATIil 

[82] r40 = К4О*Ха* АТИ 

[831 r41 = К41*На*АТИ 

[84] r42 = k42*TFVIIa*ATIII 
[85] Total = lla--1.2*mlla 


— 


P6-18 (b) No solution will be given 


P6-19 
(1) СН, + 1/20, — C,H,O (2) СН, + 30, — 2CO, + 2Н,О 
Е + 120— D Е +30 > 2U, + 20, 
F = 0.82F,, = 0.007626 
P6-19 (a) 
TY Fp 
Selectivity of D over СО; 9 =—= 
Ел 
See Polymath program P6-19-a.pol. 
POLYMATH Results 
Variable initial value minimal value maximal value final value 
W 0 0 2 2 
Fe 5.58Е-04 1.752Е-10 5.58E-04 1.752Е-10 
Ео 0.001116 4.066Е-05 0.001116 4.066E-05 
Fd 0 0 2.395E-04 2.395E-04 
Ful 1.0E-07 1.0Е-07 6.372Е-04 6.372Е-04 
Fu2 0 0 6.371E-04 6.371E-04 
Finert 0.007626 0.007626 0.007626 0.007626 
Ft 0.0093001 0.0091804 0.0093001 0.0091804 
K1 6.5 6.5 6.5 6.5 
K2 4.33 4.33 4.33 4.33 
Pto 2 2 2 2 
Pe 0.1199987 3.817E-08 0.1199987 3.817E-08 
Po 0.2399974 0.008858 0.2399974 0.008858 
k1 0.15 0.15 0.15 0.15 
k2 0.088 0.088 0.088 0.088 
X 0 0 0.9999997 0.9999997 
5 0 0 0.4101512 0.3758225 
rle -0.0024829 -0.0024829 -3.692Е-10 -3.692E-10 
r2e -0.0029803 -0.0029803 -8.136E-10 -8.136Е-10 


Differential equations as entered by the user 
[1] d(Feyd(W) = гіе+г2е 
[2] d(Fo)/d(W) = 1/2*г1е + 3*r2e 
ІЗІ d(Fd)/d(W) =-rle 
[4] d(Fut)/d(W) = -2*r2e 
[5] d(Fu2)/d(W) = -2*r2e 


Explicit equations as entered by the user 
[1] Finert = 0.007626 
[2] Еі = Fe+Fo+Fd+Fu1+Fu2+Finert 
[3] К1=6.5 
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[4] K2- 4.33 

[5] Рю=2 

[6] Ре = Pto*Fe/Ft 

[7] Ро = (Pto*Fo/Ft) 

[8] k120.15 

[9] К2 = 0.088 

[10] X=1 - Fe/0.000558 

[11] S= Fd/Fut 

[12] ме = -k1*Pe*Po^0.58/(1+K1*Pe)^2 
[13] г2е = -К2*Ре*Ро^0.3/(1+К2*Ре)^2 


X = 0.999 and $ = 0.376(mol of ethylene oxide)/(mole of carbon dioxide) 


P6-19 (b) 
Changes in equation from part (a): 
dF, 1 
aw mo UR о and F,(0)=0 


_ 0.12х0.0093 0.001116 mol 
* W 2 Кез 


From Polymath program: X = 0.71 
S = 0.04 (mol of ethylene oxide)/(mole of carbon dioxide) 
See Polymath program P6-19-b.pol 


P6-19 (c) 
Changes in equation from part (a): 
F 
= лк +7,,+8, and F,(0)=0 
R = 0.06 0.0093 _ 0.000558 то! 
р 9 ———— 


W 2 kg.s 


From Polymath program: X = 0.96 
S = 0.41(mol of ethylene oxide)/(mole of carbon dioxide) 


See Polymath program P6-19-c pol 


P6-19 (d) мо solution will be given. 


e à a € MM MM MÀ M ————————— M MÀ——— M 


P6-20 


Solved on web 
Go to http://www.wits.ac.za/fac/engineering/procmat/ARHomepage/frame.htm 


P6-21 (a) 
Isothermal gas phase reaction in a membrane reactor packed with catalyst. 
) СС, 
A€>B+C по =k, | CG -E 
Ке 
АЭР LR, 
2C 4 D Э 2E пр AU Gi dm 
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Р 24.6atm 
Co === у 
RT (0.082dm atm | mol.K ) (500K) 
See Polymath program P6-21-a.pol 


= 0.6mol / ат? 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


М 0 0 100 100 

Ға 10 0.349438 10 0.349438 
Ер 0 0 3.2375418 0.4443151 
Ес 0 0 4.9873025 4.8617029 
ка 0 0 2.7304877 2.7304877 
Fe 0 0 1.3722476 1.372246 
y 1 0.3404952 1 0.3404952 
кга 0.4 0.4 0.4 0.4 

Кїс 0.2 0.2 0.2 0.2 

Ft 10 9.7581913 13.220737 9.7581913 
Cto 0.6 0.6 0.6 0.6 

Cb 0 0 0.1403618 0.0093022 
Са 0.6 0.0073158 0.6 0.0073158 
са 0 0 0.1019635 0.0571654 
Сс 0 0 0.2117037 0.1017844 
kb 1 1 1 1 

kic 2 2 2 2 

rad 0.24 0.0029263 0.24 0.0029263 
k3e 5 5 5 5 

ric 1.2 0.0051635 1.2 0.0051635 
ra -1,44 -1.44 -0.0080898 -0.0080898 
r3e 0 0 0.0216828 0.0029612 
га 0.24 0.0014457 0.24 0.0014457 
rb 1.2 0.0051635 1.2 0.0051635 
rc 1.2 -0.0042625 1.2 0.0022023 
re 0 0 0.0216828 0.0029612 
ce 0 0 0.0398819 0.0287293 
alfa 0.008 0.008 0.008 0.008 

Fto 10 10 10 10 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fa)/d(W) = га 
[2] d(Fb)/d(W) = rb-(kb*Cb) 
[3] d(Fcyd(W) = rc 
[4] d(Fd)d(W) = rd 
[5] d(Fe)/d(W) = re 
[6] d(y)/d(W) = -alfa*Ft/(2*Fto*y) 


Explicit equations as entered by the user 
[1] k2d = 0.4 

[2] Кіс-0.2 

ІЗІ Н = Ба+Рр+Ес+Р Ре [4] Cto = 0.6 

[5] Ср = Cto*(Fb/Ft)*y 

[6] Ca=Cto*(Fa/Ft)*y 

[7] Са = Cto*(Fd/Ft)*y 

[8] Cc Cto*(Fc/Ft)*y 

[9] kb=1 

[10] Кіс-2 

[11] r2d=k2d*Ca 

[12] КЗе=5 

[13] ric =kic*(Ca-(Cb*Cc/Kic)) 

[14] ra --ric-r2d 
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Ри НЕ ылады 


[15] 136 = КЗе*(Сс^2)*Са 
[16] гд = r2d-(r3e/2) 

[17] = гіс 

[18] гс = гіс-гЗе 


[19] ге = гЗе 
[20] Се Cto*(Fe/Ft)*y 
[21] alfa = 0.008 
[221 Во = 10 
P6-21 (b) 


The interesting concentrations here are species C and D, both of which go through a maximum. Species C 
goes through a maximum for two reasons: (1) it is an intermediate product which is formed and then 
consumed, and (2) there is pressure drop along the length of the reactor and as pressure drops, so does 
concentration. 


The concentration of species D goes through a maximum because of reason (2) above. Species D is formed 
but then the pressure drops, which causes the concentration to fall. 


P6-21 (c) Individualized Solution 


А 


P6-22 (a) What factors influence the amplitude and frequency of the oscillation reaction? 
Ans: k and the initial conditions 


P6-22 (b) Oscillations eventually cease because the C4 is decreasing and becomes the limiting factor. 


P6-22 (ac) Observation 1: tı and т; decreased 
Observation 2: tp, increased 
Observation 3: тр; decreased 


Now, 7i = № and Т» = == 
А E Vb 
2л 2л 


fam — and Фр 


Qu + Ky) 22 


ky « (0-2К,)5Л-8К, 
ёгса 


From observation 2 and 3, we get 
Decreasing TM and increasing ш’ => Ky = (КиК) will increase 
Also, from observation 1, s increased => Кук; should be increased 


Now, POA k=ky.......(1) 
АЭ В к= ..... 0) 
А+2В У 3B k=k, .......3) 
BOC К=Ю........(4) 


Hence the reaction (1) and (2) are more temperature sensitive than reaction (4) 


P6-22 (d) Individualized solution 
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P6-23 Individualized solution 


CDP6-24 


Ug Cag -vo Ca +тА W=0 ТА = -К: СА - Кз СА 


"9 Са "тв W = 0 


та =k; CA - ко Св 


гс = kz Св 


лю Сс 0 rc W «0 
* тр = Кз Ca 
„об Ср + тв W = 0 
18.89 
ээр 
8.88 
КЕҮ: 
17 ca $.Йй- 
2 - cb 
d cem 
4 са 4.88 
2.88 
-----4 
.8В * 
8.898 18.88 
w 
CDP6-25 (a) 
PFR: 
6-60 


ern 


Mole balance: m m 
ас, К 
а т н 
dC, 
йт 
dC... EE 
Ен" Dac 
dt 
ас, 
ecd me 
ат 
ас 
DAE xr, 
ат 
Rate laws ме-КСм с°з 
нь! «03 
Ty = Ty ~k, 1387 > Тв 


Reon Табан 
AL 7 5? С 222 a Ts 
noc "o ed rid "= Тв 

E жарғаны 
= 0.021 
Cuo 
Cmo = 0.0105 
t=.5 


Plugging those into POLYMATH gets the following: 
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дна 


CSTR: 


Mole balance: 
Бро Fy = (~h био ha) V 
Бр“ By = ТРМ 
Бог (катъ) У 
Exin тут) х 
Fue = (5 ме эме * ме ЈУ 
Fy = ба 
Rate Law: 
2: ПЕРЕ 
пм = Щи = ix = ime = k,Cy См 
: v p ^uis -0,5 
cha Байн Іі,“ КС Cy 
i 0.5 
Thy = hr = Тус = бы. = K,Cy Cy 
Stoichiometry: 
Fu = VoCu 
E, = ¥oCy 
лем 
Fe = УС; 


Fue УС, Vo(Cuo 25 Сн) 
Fy = vC (С -Сы)-Су- A] 


Combining all of these: 
Се - Cy = (КСС, +k CPC CSI Ст 
Cuo ~ Сы = КС Cut 
Cy = CC. e CE Сује 
ССС 
С. = Сат Си 
Све (Cus "= Сы) Cx Ст 


The following is the POLYMATH program and the summary table showing all of 
the concentrations. 


Solution 


(ex) s(Kl*ch^.S*cm-k2*ch^.S*cx)*tau-cx Uariable Зе #020. 
P(ct)s(ik2*cn^.S*cx-X3*cz"ch^.8)"cau-cc ER peer oats by qs 
wider ОО cm 0.00301658 1, 4636ө-14 

adig ~ Єх 0.00317467 2.2З3ө-14 
Қіш55.2 сл G.00285511 -1,4956-14 
К25-30,2 сто 0.021 
х3=11,2 in 32+ 

M kZ 30.2 
taus, 51 «3 11.2 
спош,0108 tau 0.51 
cusscho-oh cmo 0,0105 
сте 0.0132348 
cba (cmo-cm) -cx-cc zb 0.001 44254 
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dM 


The conversion of Hydrogen and Мезнујепе are then: 
_ Сва -Са 0. 021 – - 0.0078 


X, = Юн ее -0.63 
ши 0021 
x, = Cw Сы _ 0.0105 ~ 0.0030 _ 7, 
B Cs 0.0105 
C, = 0.0078 Ib то Сы 0.0030 Ib тю Су = 0.0032 Ib тол? 
C; = 0.0029 Ib шог С“ = 0.013 Ib том C; = 0.0014 Ib то? 


CDP6-25 (b) | 
When 0M is reduced to 1.5, it now takes a t of 0.24 h to achieve a maximum of xylene. Increasing 0M to 10 
now requires a т of only 0.08 h 


CDP6-25 (c) 

To find out the reactor schemes needed, use the attainable region to get these graphs 
Using а РЕК would maximize С, If we used a ratio of mesitylene to hydrogen of 
10, then we would only have to have a t of .08 hours. So our уоште of the reactor 


would be only 38.08 ft", So our entering ПИКА would be 0105 Ib malt’ 
of Hydrogen and 105 Ib тои of Mesitylen 


CDP6-25 (d) 


First find the proportionality constants of the rate constants using the 
Arrhenius equation. 


қ “ESR TY 
ш Ac 


ээ 


&4 3 (2008 L887 * 832.1 
55.2 = Ае а 


[12 = А а" 009080 957845 30 
4 Pm 4 " 


À,9 8.28 X 10% 
Once that is done, by trial and error come up with the temperature where S... = $. 
and the answer is then 862K or 1351.6?R. 
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v qÓ— e 


Equations: 

diem} /d(t)arm 

dich) /d(c)erh 
dicx)/d(t}=#rx 

d(cme) /d(t) =кте 
d(ct)/d(z)zrt 

dich} /d(t)=rb 
rmz-55.2*cu*ch^.5 
rbzll.2*ct*ch^.S 
rxs-rm-30.2*cx*ch^.5 
rtz30.2*cx*ch^.5-rb 
rhzrm-30.2*cx*ch^.5-rb 


rmez-rme-30.2*cx*ch^.5«rb 


to* 0^ 0.51 
Variable I 
t © 
cm 0.0105 
ch 0.021 
ox а 
сте © 
х 9 
cb [s] 
шта -0.083992 
r5 0 
хх 0.083992 
E д 
ЕҢ -0.083992 
rme 0.083992 


бај] 252 
KEY: 
2.222 
- cm 
ch 
meer CX 1.508 
- cme 
1.206 
3.222 
awe 
3 зах 
бај 2355 
KEY; 
ct 
cb 
3.35: 
2.252 
3.309 


0.51 
0.0105 
0.021 

0. 00506614 
0.0171815 
0.00477233 
0.00130452 
-0.00238715 
0.00352127 
0,083992 
2.0146868 
-0.0126384 
0.083992 


0 
‚000699836 
„00381847 


0 
0 
0 
0 
9 
o 


-0.083992 

0 
-0.00523484 
9 

-0.083992 
0.9126384 


The maximum concentration of xylene occurs at t = 0.19 h. 
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ET 


9 
9 


ем 
m ad 
p odi 
A 
2262 2.482 26 


nitial value Maximum value Minimum value Final value 
0°; 


51 
000699835 


„00381847 
0.00372332 
0.0171815 

-0. 
0.00130452 


00477233 


-0.00238715 


9. 


00330288 


-0.0045612 


б. 
-0 


00364547 
‚0126384 


0.0126384 


CDP6-26 (a) 


Start with ше mole balances: 


dF, ! ы ақ, dF, dE " 

^ = mx fi NIGEL TS. Г PA ty MET == is 
dV dV dV ау 

dF, dF, ак, 

-Th cu vs To g 

dV dV dV 


аав Ce JN 
пр = KC4Cq 7 RCAC 

oa гб ERES 

n = ОС 5,666, 

иди 5 bes 

ty = кСС, КСС 

гү KCRG ~ k CG 

4 без 

= k CC, 

ty = K СО ВЕС С + K CÁC, FR СС + ECC, 


Finally ,the stoichiometry: 


Putting all of those together and put it into POLYMATH and get the following 
program and answers. 


а(с11)/4(У) = r1/vo # с11(0)=0.137 
d(c9)/d(V) = (-к2+к3) /vo # с9(0)-0 
d(c10)/d(V) = (-rl+r2)/vo # с10(0)=0 
d(c8)/d(V) = (-r3«r4)/vo # c8(0)-0 
d(c7)/d(V) = (-r4*r5)/vo # с7(0)=0 
d(c6)/d(V) = -r5/vo # с6(0)-0 


d(ch)/d(V) = (rl+r2+r3+r4+r5)/vo # ch(0)20.389 


= с9/ (с10+с8+с7+с6+0.0000001) # 
S87 = c8/(c7+0.0000001) # 


589 с8/ (с9+0.0000001) # 

с910= с9/(с10+0.0000001)% 

ki = k5*17.6 # k2 = k5*10 
k3 = k5*4.4 # КА = k5*2.7 
мо = 1 # k5 = 2.1 
ri = -К1*СЛ^0.5*с11 4 

r2 = -k2*ch^0.5*c10 4 

r3 = -k3*ch^0.5*c9 d 

r4 = -k4*ch^0.5*c8 4 

r5 = -k5*ch^0.5*c7 # 

X = 1-с11/с11о # cllo = 0.1 
У(0) =0 # V(£)=0.8 
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пе 


0.00 0.08 0.16 0.24 0.32 040 048 058 064 072 0 
V 


The ratio of hydrogen to pentamethylbenzene is 2.83 and the volume is 0.8 m’. 
Polymath solution 


CDP6-26 (b) 

The polymath program is the same as the first, we see that the value оЁс11(0)=0.092 and ch(o)=0.434 and 

the ratio now becomes 4.8 to 1 and the volume increase to 6.8 m? to maximize 5. To maximize Sg; it 

follows that the volume would be smaller because earlier the reaction ends the less C; is formed. 
67.0 
60.3 
53.6 
46.8 
40.2 
33.5 
26.8 
201 
13.4 
67 
0.0 


0.00 0.67 1.35 2.02 2.70 3.3? 405 4.72 5.40 6.07 6.74 
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ЕЕК 


Есма 11:15: 

DUMA дээ. 
£t£h)s(-rzh) *V-fhao-£h 
Sifc)b-rctyefc 
Sifcab-rca"*"V-Éca 

= 10170 


Ећо=10009 


P5osi400 

Е=8.309 

Pb-Pho*.&6 

you? .4leT/ Phe 
Phefh*8.309*403;vo 
yzfc/(fbo-Eb) 

poce£c*3.309*T/vo 

го Бру" "Тимо 
cos-[Kl*Ki*Pb*?h^.5]/[3i-«Kl*Bbl 
rcack2*K2*"Pc*Ph/(L-xX2"Pc] 
zhzirb)-X2*K2*Pc*Ph/I[ll-X2*Pc) 
rct-(rb)kZ2*E2*Pc*Ph/(l-X2^Pc) 


fe 8232.08 1.847e6-12 
"са 852.18: 2.842e-1 
у 1000 

ino 10000 

Fo 4320 

FRE 7210 

кі "d 

КІ 0.2264 

kZ 0.07 

K2 0.04 

р 403 

Оро 1400 

2 8.308 

Pho B40 

“а 17214.3 

ры 12.3641 

T 2.85836 

Ве 1501.3 


Variable 


The highest yield occurs at pressures: Рао = 1400 kPa 
Рио = 19452 kPa 
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1945.2 

-9.08426 
С.852181 
-~ 9.93644 
8.23208 


pM 


CDP6-28 
(a) 
Моје Balances : 


ағ, Шы. c 

dv = АЛБА чу АА БА T Бе dv оца + Бе 
ж о CM 

ам d dV 


Rate Laws: 

=k (C.C - CK) 
Tb, = са Е C,C,/K;) 
е = Се 


Stoichiometry : 


{E VYT 
С=С Е. Z) 
5 


PF, =F, tF tE, ЊЕ ТЕ +F, 
Р 
С. = == 
To RT, 


Use these equations in POLYMATH. Vary P, and T, to find the optimal 
conditions. We determine these to be: 


T, 23158K  P,-l160atm Ус 10040 


casCto"(fZa/Zc)]*(To/T] 
cosCto*(£b/£ft)*(To/m 


Equations: Initial value ccsCto*(£c/fz)*iTo/T) 
а (беј /а(уј=-ква 5 


cd-zCro*(fd/ft)*(To/T) 


cesCctori(fe/f£c)*(To/T) 


d(Z25) /à(ivis2*rla-r2a-r3X 


о 
~ 
8». 


d(£a)/d(wvi-rlaez2a 3 rics-ki*oc 

р LRQ дыны 5 хіаш-кІізісатсы?2-сс/к1) 
&izgi/div)s-x3 9 z2az-k2*(ca*cd-ce/€2) 
ря а 

ОИ | цайн Ка 
Tos315.8 

Боз160 

Тата 

KLls.933*exp(t(2.5*(31400/1.987*(2/330-1/T)))) 
EKLe131887*(0.00198*T)^2*6xp30520/1.987*(1/T1-1/258]) 
К2-.618"ехр(18000/1.9875(1/300-1/ТҮ) 
X22103943*ex0198214/1.987*[(1/T-1/298)) 

Кӛш 4техр(1.5“28956/1,9874(1;125-1/т99 


24 
CtozsPo/i1.082*To) 
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Variable Maximum value Minimum value Final value 
y с 209 © 200 
Ea 5 3.99892 5 9.99558 
zb 14 11.3038 14 15.4939 
fa 5 5 0,184792 0.184792 
fc © 0,9070453 0 0.652081 
Ёс 0 1.13754 a 1.13754 
fd 4 4 0.0010827 0.00441756 
Ен 32 30 27.4837 27.4983 
та 315.8 315.8 315.8 315.8 
Po 160 389 150 150 
т 315.8 315.8 315.8 315.8 
ki 0.00428871 0.00428571 0.00428571 0.00428573 
кї 2791.22 2791.12 2791.12 2791.12 
KZ 2.88122 2.88123 2.88122 2.88122 
x2 4A0761.3 40251.5 40781.5 40761.5 
k3 0.0343893 3.0343899 0.0343899 0.0343899 
Cro 5.17854 6.17888 6.17866 8.17888 
ca 1.23573 1.23573 0.0415214 0.0415214 
cb 2.88337 3.53472 2.88337 3.48136 
ec 0 0.202498 9 2.153258 
са 0.523821 0.323821 0.000238582 0.000992515 
се 1.23373 2.24735 1.23573 2.24593 
ric -0 -0 -1,00896383 -0.00527054 
rla :0,04420229 -0.09215647 -0.0440298 -0.002:5647 
rea „2.93395 &.003432-95 -2.93305 4.00043е-05 
аа р 952% Methanol Synthesis 
її = а и Mode e Ес 
ын 2.623 Ps Pd M M 5 2. E C 
Ра Тазы. 29 0.44820445 
сл и 40 068570232 
"ИВЕ 50 0.82334782 
ex: Lo / 80 2.8924273 
а; 190 0.84829743 
120 0.83276842 
140 0.85543262 
TR RENE 150 0.80470055 
282 200 205 25 180 0.74550073 
200 0.6853895 


(b) Use the same POL МАТН program as above and vary the ratio of entering 
reactants. The optimal ratio would be : 


$ hydrogen gas, їу carbon monoxide, and } carbon dioxide 
These results are similar to those in part (a) in that the optimal volume is still 


100 dm’, and the concentration profile is very similar in shape. The primary 
difference is that the Ес values are more than doubled. 
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——————— MM 


Methanol Synthesis 
£quations: 
diza)/à(V)srlaez2a 


8 
ACPD) /a(V) 22*rla-rz2a-ràic 16 
d(Fc)/d(V)2-riae-rz3c 0 
diSgel/Gl(V) =-=2а 6 
З(Еду/д(Уус--ү3с о 
A( Pd) /d(V) zz2a 0 
CaFaeTibeFPCefÓdePeeTg 
То=315.8 
Ро=160 
Тето 
ethanol] Synthesis 
3.068 т 
1 TU SPELL 
Ex 2ш | 
-Fc | 
m | 
а | 
Lee | 
Ї 
M —— M —Ó————- 
Ж Uca #3555 325.2GC 156.055 2292 
у 
k1z2.933*exp((2.5*(31400/1.987* (1/330-1/7)))) 
К1:5131567" (0.00198"Т)”2"ехр(30620/1.987"(1/Т-1/298)) 
k2=0.636* exp (18000/1.987*(1/300~-1/T) } 
$2z103943*8x0(9834/1.987*(1/T-1/298]) 
кї-0.244"ёхо(1.5"28955/1.987"(17/325-1/7Т)) 
Ctoz?o/(.082*To0) 
CasCto* (Fa/Fz) *(To/1) : 
PS „те = Methanol Synthesis 
СреСсо (Е Б/ЕС) (To/T) Variable Initial value Maximus value Minioum value Final value 
CexCto* (Fe/Ft} *(To/T) М 5 +00 5 нэ 
+ 8 8 1 94105 1 94:25 
Сдаассо“(ЕдД/2:) "(То/Т) гэ 15 16 3 88784 7.83138 
"o А 2 єс а 2 6816 а 2 95199 
Се=ссо* (Fe/Fc) * (To/T) зе $ 6 5.99941 8.99941 
т1с5-КХ3“Сс Fg ° 4 00756 9 4 00756 
га а с 000590833 9° 9 000550238 
rlaz-k1*(Ca*Cb^2-Cc/X1) zz зэ 30 21 8885 22 8835 
ze. “ба” то 315 8 3.5 8 313 1 315 à 
Е2а=-К2* (Ca*Cd-Ce*Co/R2) Фо 153 169 160 160 
Vo = 0, у. 200 т 315 3 315.8 315.8 315.8 
f= 9 00423571 9.00428571 0.00428571 0 00428571 
кї 2791 1 2791.12 2791 12 2781.12 
2 2 88122 2 88122 2.88122 2 88122 
ка 42761 5 40761 5 40761.5 107$1.5 
кз 9 0343853 0 03143899 а 0341855 0 0241399 
сто 6 17846 5 17855 6 17866 8 17855 
Сз. 1 64754 „. 64754 0.547917 9 547917 
ts 3.239328 3 29528 2 22634 2 22658 
Cc o 9 724193 o 0 82921: 
са ° 9 000156781 ° 3 00015673. 
се 1.23372 1 $3251 123573 2 59331 
z3c -4 -0 -0 024312 -0.2199.93 
zla’ -0.075578 -9.0116408 -0.076578 20.22.6408 
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Initial value 
28525185 value 


—————— не ее. 


Methanol Synthesis 


Feri Ес oe 
© 9 

20 1.2448558 
40 2.0129151 
50 2.4405221 
89 2 .5385715 
i09 2.680932 
120 2.6232203 
149 2.5193559 
180 2.375513 
180 2.2171668 
200 2.0519865 


CDP6-29 No solution will be given 


CDP6-A 
a) At B-9C«D 
С+В ә Е+ р 


First, find т. То do this use the original design equation for a CSTR: 


Votes 


=== ГА 


Then since Fo = C,,v, and т = V/v, then the design equation becomes: 


=. 
Using the rate law and stoichiometry we find: 
ше = kCal = X) 


Cus CA mE 


Сао“ Cg = 787 
Ce = ст 


Съ = 17 
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Cg nt 
'Then do the rate laws: 
ES КС, 


- ty =k,C, + К.С 
секс, - КС; 
= КС, + К. Сс 
Te =k Cy 


Combining and rearranging into a function: 
КС.) =0=С, – См rk СТ 


КСр)=го= C, С + (КС, + ЕС 


Ис.) =0= (К.С, 7 к.с.) - Се 
КС) =0= (KC, «к,Со)с-С, 
ҚС.) =0= KCT Се 


Plug those into POLYMATH: 


5-Е Solution 
Equations: Variable Чаше Юю 
Ё (ca) =са-сао+кі *са*сац са 0.070004 Зв. 
Е(ср) гср-сбо+ (К1*са+К2*сс} сац ch 0.108382 4,0232-1| 
Е (сс) = (К1*са--К2*сс) *паш-сс CC 0.02837% %472--12 
f(cd)s(kl*ca-k2*cc) *tau-cd cd 0.036184 — -9.405e-13 
Е (се) :k2*cc*cau-ce се 0.00162291 — L8/9e-11 
сао=.1 сао 61 

kl=.412 kl 0.412 
tauzi.04 tau LH 
cboz.14 cho 014 
К2-.055 k2 0,88 

C, = .028 need Ер = 10 

Vy = Тс = 28, = 357gallh 

Се 028 


У = tv, = 1.04 * 357 = 371.3gal 


b)No solution will be given. 


a ы. 


Batch reactor: yao = 1 
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(a) К, = 0.01 с! , «= 1.5 min = 90s 
A->B -Ta = ki Ca 
Nao SK = -ra V 


Cao ÍX = ky Ca = ky Co (X) 


СА. ски = 0.0190) = 0.41 


Cao 

(D A->B  їзүэхдэЮ СА Xi 
Вес te “кб K 
B—D rp ak, Ca re 


-rg = -rpg tic + гр = - ky СА + k? Св + k3 Св 


BEB = к Cao eK + (ka + ks) Са 


Зв 40. 01)(0.2) e201 + (0.003 + 0.002) Св 


со = -0.002 [1 - 2900] + 0.005 Cg 


Using a Runge-Kutta Gill numerical solution, we find that, for t = 2 min = 120 $, Cg = 
0.136 gmoldm?. 


d Е а 
(с) АСС Lic = ks Св : ESE ка св > Ces ЯСТ 


From the solution in part (b), we have values of Cg at intervals as small as 5 sec, so we can 
use Simpson's rule to obtain Ce: 


t= 1 min = 60 sec. 
Cc = 0.003 ($) (0 + 4 (0.0449) + 2(0.0782) + 40.102) + 0.1183] 


Сс = 0.0129 gmol/dir? 
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M 


= 2 min = 120 sec 


Сс = 0.003 (2) (0 + 4 (0.0782) + 2(0.1183) + 40.134) + 0.1355] 


Сс = 0.0366 зто 
(d) 
| 00829 | 0.0553 | 
0.0874 0.053: 
| 90914 | 
020 € 
0.18 Ж 
016+ % te 
1 th св 
9:14 % à. в. 
012 |4 | нэг = 
ои сы. ám, 0.10 ман NN 5 
9 
008 7 ж о, 64—879" 
g-—* —. 
9.06 / х st On 
i" те 
0.04 eT ^e 
002 t “ы, 
осо и Om a 


Time (5) 
The concentration of B is highest at t = 100 sec, where its value is 0.1363 gmol/dm? 


(e) Balance on A: 


Fao- БА +тАУ = 0 

о Сло- о Ca -ki САУ =0 
Cao- CA- kCA t «0 
Cao - СА (1 +k, t) «0 


СА 1___ 
Сао (lk, т) 


Вајапсе оп В: 


Ево - Fg +твУ = 0 

0 Св + (К: СА - ka Св - Кз Св) V=0 
-Ca + ky Ca t- к Cg t- ky Cg t =0 
Св (1 + ут t) = k TCA 


Сіз Сва + kz T + k3 t) 
ki t 
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Са ___1 Са (1+ кот + кут) 


Со i*k Cas ki t 
Са _ kit 
Cu d + крт) (I + kzt + Ку 0 
155) 10 59 100 150 200 300 500 
Садо 0.08 0.26 0.33 0.34 0.33 0.3 0.23 


Св мах 00555 at T= 150 А 


~ Fy = о Св =(20 йш (150 A) (zn... = 50 defin 


CDP6-C 
First, find the values for К. 


k, = 2989 е(-10574.001987-700)) _ 12 


ГЭЖ” 9466с(7151МС0019879700)) = 18 


k=l] 127771599 о01987-700)) _ = 22 
In this problem Isobutylene = I 
Methacrolein = M 
CO, = р 
CO-C 
Oxygen = O 
The mole balances for these species are as follows: 
Fo ~F = [- “үр 77 Ey =) V 
Fu = му 
Fo = oV 
Е. = пр У 


Oxygen is in excess so we will assume that F, = Fy. 
The rate laws for these reactions are as follows: 


“Ty = цо = пу Қ СС 
ae 26 = ito “СС, 


25 
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== 


Абе l | 
Th = "T. EP = ОСС 
Combine all of these and come up with the following: 


Before pluggin 
for conversion. 


Then plug into POLYMATH to get the following: 


C, ~ С, = КС Со + KC C, Kk, CC ут 


"De 25 те 
Con Со = (KiC1Coo + СС + KCC og)? 


Cy = ЕС Ст 
Cy =4*К,С Ст 
Сс =4*КССыт 


ы ТЕБ ВВ 
RT .082%700 
Cio =Y Cr = .1*.034 
Со = 0.031 
X, = Cy ~ Ci 
Co 


Ky =X, Xu X 


= 0.034 
= 0.0034 


g into POLYMATH, evaluate the parameters and derive equations 


Equations: Initial value 
f(ci)sci-cio*v(Xi"ci*coo-K2*ci*coo*k3i*ci*coo)*tau 0.001 
£(cm) «kl *civcoa*ctau-om 0.091 
£ (cd) =4"к2 “ci*coa*tau-oed 9.004 
£(cc)zá"ci*coo"*tau-cc 0.004 
flco)-co-coo-(ki*ci*coo-25/4*k2*ci*coo*17/2*k31*ci*Coo)*rau 0.01 
сіое.0034 
кі=1.2 
соох .031 
к2=.18 
КЗ=.22 
бац=10 
xl-cm/cio 

-.25*cd/cio 


x-[(cio-ci)/ci 
х3эхэхїэх32 


6-76 


Se@iutian 


Vartabie — value к " ғо 
сі 0.00227273 -1.2994ө-12 


M 


0.000848455  i.01le-12 


n 
Ге! 


са 0.0005022723 -1.381е-12 
<= 0.00281818 3.833e6-i13 
Sio 0.0034 

=} 1.2 

соо 0.031 

Е2 0.18 

ЕЭ 0.22 

ташы 10 

x1 0.248553 

х2 0.0372985 

х 0.494 

хд 0.210037 


X,20496 Х,-025  X,-0037 Х,-021 


CDP6-D 
A->B -т = КС, = 10sec” | 
lbmol. | 


C --» р + Е m le = k, :Е, = 0.03 oe ae | 
5 ft sec | 


Fy = 10 Ibmol/sec 


dF, : 
зол == КС, 
Ра = Су, | 
0.5 | 
Сы mL. -761*10* | 
19 0.73*900 
Г.У, 13140 


V = 1005 fi? 


See РОГУМАТН solution below 
Eguations: Е 
dt£a)/div)sra 5 
а(Ёс) а (У) кгс 5 
d(fb)/diV)s-ra 0 
d(£d) fav) = 0 
di£e) /à(Viz-r 0 
k1zl0 

ка=.03 


li 
MOOR 
ао 
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Е:=Еа+Вос + ЕД» Ее 
£ao-5 
ctoz5/(900*.73) 
Ебо=10 

хс--к2 
хх(Ғао-Ға)/Еао 
ачо=Ёсо/сбо 
са=сбо*{Ёа/ ЁС) 


raz-ki*ca 
Variable 101 181 value Maximum value Minimum value Final value 
у 9 105 о 105 
fa 5 5 2.49621 2.49621 
fc 5 5 1.85 1.85 
fb 9 2.5037 0 2.50378 
£d 0 3.15 9 3.18 
га 9 3.15 0 3.15 
ki 10 10 19 10 
ка 0.93 9.93 9.93 9,03 
fb i0 13.15 io 13.15 
čao 5 5 5 5 
сто 0.00761035 0.00761035 0.00761035 0. 00761035 
fto 10 10 10 10 
хе -0.03 -0.03 -0.03 -0.03 
х 9 9.500758 0 0.500758 
avo 1314 1314 1314 1314 
са 0.00380518 0.00382518 0,00144454 0,00144464 


CDP6-E 


а) Using the equation for the equilibrium constants: 


CoCo С,С, 
а E "LOC 
С.С, сс, 


We can come up with the equations for C4, Cp, and Cx. 
„ _ Ce Co 
5 К el C, 
* K el С, C, 
C pM. 
Cc 
‚ _ KCC, 
ty BEE 
C, 
The rest can be found with stoichiometry. 


C, = Cx 
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POLYMATH 


5-5 a 


Equations: 
f(ca)sca-cc*cd/(Ri*cb) 


Solution 


кгс Мағтасіе Value ЁО 
Ё(с4)ас4-ЁЕ1“са”сьэ/сс PED ттт ва НН 
106 es 9.0306182 3.048e- 18 
BA ES cd 0.109652 -1.084e-18 
“221 сх 0.714385 -1,108её-15 
сүшсх > | 
сро=1,5 Е 
сао=1.5 сч 2.714386 ~ 
соссао-сә-сх cbo 1.5 
X*(&80-cA) /cao езе 1.5 
cbscho-cd-m сс 0.754995 

` Y x 0.979588 

co 0.575851 


С, =0.0306 
C, =071 


Съ = 0.68 
С, =0.71 


C,5075 — C,-01 


We also find that X = 0.98 


b) With the new equation we must find the new equilibrium equations. 


С, = KjC,Cy 
с, „Хасеса 
C, 


вена e 


“ч 


Ge 
The rest are the same except for: 
Cy = Cy -C, 

CHC а 


mations: 


ficaz)sca-kitca*ex Var lable 
Éley)scy-k2*cc*eb/cx cz 
£(cd)sed-x1*ca*cb/cc eu 
: M cd 
E35 ех 
CARTY- CK сас 
к2=1.51 eho 
T 
кіші.63 
Ж заа 
сасш1.% зыш 
сро= „5 k3 
süzscd/cr =a 
k2 
Syzccy/cz ch 
салсао-са-с2 xi 
coschbo-cd-cy x 
ссасао-са-сх 5 
ксх 


захи сс/сх 


аа Әне 1 
0.890725 1.082e-13 
1.07384 1.144ө-12 
0.258101 -2.607e-195 
0.0831135 
1:5 
1.5 
300 


0.220611 
1.08398 
43.4255 
0.241174 
0.480271 
0.15806 
8.25888 


0.839217 
1.17521 


Art 
LT. iTA 
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We find that 


С, = 0.65 C, =0.91 C, =0.37 C, «027 
С, =0.48 С, =0.22 Ce =0.76 

Х =0.68 

5х =2.8 5,2 =0.57 5, =1.41 


c) When the temperature is raised from 300 К to 500 К, $сх goes down, Spz goes 
up and Syz goes up. 
d) First find the proportionality constants from the Arrhenius equation. 
Ы ям Ї 
А, = 38603 
0.06 = PE У 987300) 
A, = 224 x 10? 
0.32: A g 9n 987*300) 
RT EAT 
A, = 2.16107 


Once those are known, come up with equations for the equations in terms of 
space-time т, 
+ x TEC 
Tk, + TEC, + TEC, — С + Ca =0 


CD к) (ж, + + 1) ЁС 3t tk, - Си) 
Б; 2d. 
C -C 
Tom ed. Tm. Tue Е 
ook, АС, Са 
СЕКТ С, = ТС, Сри. 
Use EXCEL ме in order to find the temperature that maximizes Св 
T Ca 
312.5336841 0.016513937 
k1 ЭХ 
0.003919233 0.0391 92325 
кг Cb 
0.230891512 0.038129279 
k3 Су 
2.260443602 0.006164458 
CDP6-F (а) 
Mole balances: 
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| 
| 
| 
| 
| 
| 


dFA/dV =-IpTu 


dFp/ dV = Тр 

dFy/dV = ry 

Rate laws: 

pcc кү = 15 f/Ibmol.s 

hy = КС, К = 0.015 5' 

Stoichiometry: C4 = Cro(Fa/Fy), Fq =F, + Fp + Fy 


Cost = 60Ев = 15Ес -10Ело 
Using these equations in polymath to find the necessary volume to maximize Cost: 


V = 1425 f 
POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 2000 2000 

fu 0 0 0.0237312 0.0237312 
fa 0.06705 0.0018652 0.06705 0.0018652 
fd 0 0 0.0414537 0.0414537 
k1 15 15 15 15 

k2 0.015 0.015 0.015 0.015 

fao 0.06705 0.06705 0.06705 0.06705 
ft 0.06705 0.06705 0.06705 0.06705 
cao 0.00447 0.00447 0.00447 0.00447 
ca 0.00447 1.243E-04 0.00447 1.243Е-04 
Cost -0.6705 -0.6705 1.46684 1.4607519 
rd 2.997Е-04 2.319Е-07 2.997Е-04 2.319Е-07 
ru 6.705E-05 1.865E-06 6.705E-05 1.865E-06 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
(11 d(fuyd(V) = ru i 
[2] d(fayd(V) = -ru-rd " 
[3] d(fdyd(V) = rd 

Explicit equations as entered by the user 
[1] k12 15 án 
[2] К2 = 0.015 


ООО00102010-00202 
dnbie 


1% 


[3] fao = 0.06705 
[4] ft = fu+fa+fd © 
[5] сао = 0.00447 
[6] са= cao"(fa/ft) 
[7] Cost = (60*fd-15*fu-10*fao) Б 
[8] га = ki*(ca^2) om 


[9] ru=k2*ca 
Independent variable 
variable name : V om ee 
initial value : 0 ' 

final value : 2000 


CDP6-F (b) 
Mole balances: 
РА = Едо + ТАУ Fp = трУ Еџ = ruV 
Rate laws: t4 = -Ip - Ty Тр = АС г = КС, 
E. 4 
k, = К„ехр| — E ин F, =уС, 
RAT 919.67 


Cost = у,(60Ев — 15Ес -10F a0) 
Use these equations in Polymath and vary T from 860? R to 1160? R and find maximum value of cost. 
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MM 


Cost steadily rises with temperature and reaches a maximum at 970? Е(510.339 F). 


POLYMATH Results 

NLES Solution 
Variable Value 
ca 0.0023213 
cd 0.0016225 
cu 5.262E-04 
cao 0.00447 
E1 10000 
R 1.987 
T 970 
k20 0.015 
E2 2.0E+04 
klo 15 
vo 15 
V 400 
tau 26.666667 
cost 0.6713603 
ki 11.292187 
k2 0.0085009 
rd 6.085E-05 
ru 1.973E-05 
ra -8.058E-05 


NLES Report (safenewt) 


Nonlinear equations 


[1] 
[2] 
[3] 
Expli 
[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11 
[12] 
[13] 
[14] 
[15] 
[16] 


.- 


f(ca) = ca-cao-ra*tau = 0 
{(са) = cd-rd*tau = 0 
f(cu) = cu-ru*tau = 0 
cit equations 
cao = 0.00447 
E1 = 10000 
А = 1.987 
Т = 970 
К2о = 0.015 
E2 = 20000 
k1o = 15 
мо = 15 
М = 400 
tau = V/vo 


f(x) 


5.354E-08 
-5.354Е-08 


-2.76Е-15 


cost = vo*(60*cd-15*cu-10*cao) 
k1 = k1o*exp((E1/R)*(1/T-1/919.67)) 
k2 = k20*exp((E2/R)*(1/T-1/919.67)) 


rd = k1*(ca^2) 
ru = k2*ca 
ra = -К1*(са^2)-К2*са 


CDP6-G 3 


Ini Guess 
0.00447 
0 
0 
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Use these equations in the following РОГУМАТН program to generate graphs of С, Ca 


C 


өз 


Rate Laws: 
Dg mf, fg ES 
= УКСАС. p УКСАС 
{+К С, 14-К,С, 


г, = мк, 


Stoichiometry : Cy, = 0.54 kmol/dm! = 540 тоёт? 


from Henry's Law : 


mt tot 


C., = 5.9 МРа(0.058 коми’ - МРа)= 0.3422 mol/dm’ 


C, and C, as a function of time 


Equations: 
d(cab/d(t)sra 

dícb) /d(t) «xb 

4(сс) /4(п) =хе 
d(ce)/d(t)sre 

сё) /d(t) sxz 

wzlü 

к1=0.000468 

Ка»22.75 

к2ш0.000227 

кё=0.00147 

КЭ-0,00282 

risw*xi*cc 
risw*kl*ca*cb/(l«Xa*ca) 
r2zw*k2*ca*cc/(i«Ka*ca) 


rásw*ká*ca*ce/(1«Xa*ca] 
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Initial value 
0.3422 

540 

0 

9 

0 


Љеша 


2 


5562 


5.288 +: 


лаб > 


Sawer y кои: 


І 

Q 

0.3422 
540 

9 

9 

0 

10 
0.000458 
23.16 
9.000227 
0.90147 
0.00282 

9 
0.0984025 
9 

0 
-0.0984025 
9 

0 
-0,0984025 
0.0984025 


20 

0.3422 

540 
0.311641 
0.136398 
6.37928е-05 
16 

0.060468 
22.76 
0.000227 
0.00147 
0.00282 
0.00878827 
0.0984025 
1.621e-05 
4.96363e-06 


aitial value Maximum value 


-2.31981e-13 


0.00878695 
2.07778е-05 


~2.32208е-19 


0.0984025 


Са, Cc, Ce vs. t 


Minimum vaiue Final value 


0 

9 .18517е-20 
539.658 

0 

a 

9 

19 

0.000458 
22.76 
0.000227 
0.00147 
0.00282 

ü 
2.31981e-19 
9 

9 
-0.0984025 
0 

9 
-0.0984025 
-0.00834598 
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20 
9.18517е-20 
539.658 
0.205875 
0.136398 
5.37928е-05 
10 

0.000458 
22.76 
0.000227 
0.00147 
9.00282 
0.00580002 
2.319816-19 
4.28838e-23 
1.84167e-22 


-2.31981e-19 


0.00580002 
2.270516-22 


-2.32208e6-19 


-0.00580002 


C5 vs. t 


——————————— 
motn dmm meme 


*,000 5,000 


D 
€ 


а 
12.222 аж. ах 


н 


The equilibrium constant for the reaction 
t-OL 2: cs-OL 


can be estimated аз a function of temperature from the mole fraction data below 100°C. 


= Yes 
Р Ух 
din Ky „АНЕ 
d(UT) 8 
1 323 375 
Уш 8 472 
Yes 2 3. 
Кә 5 33 
In Ke 139 -LHL | -139-(CL11). = -683 = НЕ. 
1000/T 5.09 2.68 | Е ТУЛЫ 
АН = -1.357 ©. 
mol 
’  CDP6-I 2, 9-17 
CDP6-J 
CDP6-K 2, 9-13 
CDP6-L 
Given: Liquid feed to CSTR 


Liquid Peed 
Са = 0.4 той 
Cro 0.4 со М 


а = 2 Yimin 


У = 1201 
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With the following reaction sequence 


ki 
A 2 С “fy = ki СА ky = 0.01 mim! 
2 . 
E эш B „у = Ко СА к) = 0.02 min! 
3 
B-—C “13 = Кз Са k3 = 0.07 min! 


Ke 
Е В+РТ ак Се ky =0.50 Џао! - min 


Ез ky 
(а) Since Ci 5 ‘a gad product, formed E EM intermediate B by either A = В Э Сог 


Е-В+рї - C. or directly from А —> C, the maximum concenzadon of С occurs 
when all A and Е have been converted to С: Cra = Cua + Сау. (with Е = 0). 


(b) Both A and Е are only decomposed by the above scheme: 
Balance on А: te Çao- vo CA =(-ra) V = (+1 - r2) V =(ky + К2) САУ 


Ou 
es à = (ky + ко} == (ki + kz) x 


or Ca = — С. 02gmol/1 |) O4gmol/I 
1 + (ky + К) < | + (0.01 + 0.02) ача 1211 Т (0.03) (60) 


СА = 0.143 gmoi /1 


Balance on F: ug Cr - оо Cg ={-гЕ) У = СУ 
kat Ch +Ср- Се = 0 where т = №. = 60 min 
0 


Solving we get: Cp = O.1gmol/l 
Balance forB: 0—v,C, = (-r,)V = (C, - КС, СӘУ 


_ k С,+АСт _ (0. бітіп !x0.143gmol / 1 + 0.51.тої min™ 0.1ето1/1°)60 min 
1+ т 1+ 0.07 тіп”! 60 min 


С, = 0.0907 gmol /! 
Balance оС: | 0—v,C, = (–ЈУ = – КС, - САУ 
C, = (KC, + kC, )т = (0.07 min !x0.0907gmol/1 + 0.01min ! x 0.143gmol/1)60min 
Сс = 0.467 gmol / 1 
Се 0.467 _ 0.467 


Mole fraction of C = = = = = 0. 583 
C, +С,+С.+С, 0143-009-0467-01 0.8 
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CDP6-M 
ДА + 5B > 4C + 6D 
2A41.5B > E + 3р 
2C +B 22F 
ДА + 6C > SE + 6D 


Rate laws: 

-ra = ПА + А + (2/3)rac 
-rc = -r14 + 213в + Тас 
Tp = -0.5124 = (5/6)rac 


Using these equations inpolymath to find the exiting molar flow rates. 


POLYMATH Results 


NLES Report (safenewt) 
Nonlinear equations 
[1] Кса) = vo*ca-fao-ra*W = 0 
[2] Кер) = vo*cb-fbo-rb*W = 0 

ІЗІ f(cc) = vo*ce-re*W = 0 

41 f(cd) = vo*cd-rd*W = 0 

[5] Ксе) = vo*ce-re*W = 0 

6] Қо) = vo*cf-rf*W = О 

Explicit equations 

[1] voz 10 

fao = 10 

М =3 

fbo = 10 

rho z 0.0012 


ЈЕ 


= == r г тогы с 
ке ке о CO о ON OF 4» WwW 


r 
T ААГ NY URS C) сақа шээг Lou us Па Qu ied 


fe = vo*ce 

15] Н= vo*cf 

[16] r1 = rho*kt*ca"*(cb^2) 
[17] r2 = rho*k2*ca*cb 

[18] r3 = rho*k3*cb*(cc^2) 
[19] r4 = rho*k4*cc"(ca^(2/3)) 
[20] rf22"r8 

[21] re = 0.5*r2«(5/6)*r4 
[22] ra=-ri+r2-(2/3)*r4 

[23] rb--1.25*r1-0.75*r2-r3 
241 гс = r1-2*r3-r4 

[25] т = 1.5*r1+1.5*r2+r4 


Nat С 


Tha 


= КАС, С, 


-hg = ECC; 


cec 


Ec СС 


-fg = 1.2514 + 0.75r24 T3 
-Гр = -1.5г1А = 1.5r24 — Тас 


ГЕ = -2r 3B 


NLES Solution 
Variable Yalue 
ca 0.998927 
ch 0.997227 
ec 0.0017849 
са 0.0037612 
ce 3.613Е-04 
cf 1.285E-12 
vo 10 
fao 10 
ы 3 
fbo 10 
rho 0.0012 
ki 5 
k2 à 
k3 10 
k4 5 
fa 9.98927 
fb 9.9722697 
fc 0.0178487 
fd 0.0376119 
fe 0.0036129 
ff 1.285E-11 
ri 0.0059604 
кг 0.0023908 
r3 3.812Е-08 
r4 1.07Е-05 
КЕ 7.625E-08 
re 0.0012043 
ra -0.0035767 
th -0.0092436 
rc 0.0059496 
ка 0.0125374 
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(x) Ini Guess 


.056Е-15 1 


о 
нэ 
~ 
tz 
1 
~ 
т 
OOOOH 


Е -3 
mE TONERS м 
Е,-Е, 10-9.989 


_ -7 
Fe 229X107 уус 


Уве = 
ЕЕ 10-9975 
Ya zie 2 900178 663 


F,,-F, 10-9.989 | 


CDP6-N 3, 6-21 


CDP6-O 3, 6-25 
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Solutions for Chapter 7 – Reaction Mechanisms, 
Pathways, Bioreactions and Bioreactors 


P7-1 (a) Example 7-1 


The graph of IJI will remain same if CS? concentration changes. If concentration of M increases the slope 


of line will decrease. 


P7-1 (b) Example 7-2 


For = 0 to t = 0.35 sec, PSSH is not valid as steady state not reached. 
And at low temperature PSSH results show greatest disparity. 


See Polymath program P7-1-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 

с1 0.1 2.109Е-04 
с2 0 0 

C6 0 0 

C4 0 0 

С? 0 0 

C3 0 0 

C5 0 0 

C8 0 0 

CP5 0 0 

СР1 0.1 2.166E-04 
k5 3.98Е+09 3.98Е+09 
T 1000 1000 

k1 0.0014964 0.0014964 
k2 2.283E+06 2.283E+06 
k4 9,53Е-08 9.53Е-08 
k3 5.71E+04 5.71E+04 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] d(C1)/d(t) = -k1*C1-k2*C1*C2-k4*C1*C6 
[2] d(C2)/d(t) = 2*k1*C1-k2*C1*C2 
[ d(C6)/d(t) = КЗ*С4-К4*С6*С1 
[ d(C4y/d(t) = К2*С1*С2-КЗ*С4+К4*С6*С1- 
k5*C4^2 
[ d(C7)/d(t) = k4*C1*C6 
d(C3)/d(t) = k2*C1*C2 
d(C5)/d(t) = КЗ*С4 
d(C8)/d(t) = 0.5*К5*С4^2 
d(CP5)/d(t) = k3*(2*k1/k5)0.5*CP 110.5 
(101 d(CP1)/d(t) = -K1*CP1-2*k1*CP1- 
(k3*(2*k1/k5)40.5)*(CP 140.5) 


> (9 


а 


о бо м б 


Р7-1 (с) Ехатрје 7-3 
The inhibitor shows competitive inhibition. 


See Polymath program P7-1-c.pol. 
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12 12 

0.1 2.109Е-04 
1.311Е-09 1.311Е-09 
3.602Е-09 3.602Е-09 
2.665Е-07 1.276Е-08 
0.0979179 0.0979179 
0.0012475 0.0012475 
0.0979179 0.0979179 
6.237E-04 6.237E-04 
0.0979123 0.0979123 
0.1 2.166E-04 
3.98Е+09 3.98Е+09 
1000 1000 
0.0014964 0.0014964 
2.283Е+06 2.283Е+06 
9.53Е+08 9.53Е+08 
5.71E«04 5.71E«04 
4 де-9 ————— 


3.2e-9 


2.4e-9 


1.6e-9 


8.0е-10 


„т 
„ры иен онда 


9.0et0, 


0 24 


4.8 t 72 


0.40 


0.32 


т 806-3 9.06-3 1.0е-2 


5.0е-3 6.0е-3  7.0e- ES 


P7-1 (d) Example 7-4 
1)Now Curea = 0.001mol/dm? and t = 10 min = 600 sec. 
ky ес 


| =- v + paf NEM 
Уух 1-Х Vmax 


3 3 
600ес ---00266то1/ dm nf 1 р 0.00 1mol / dm? )X 


0.000266mol / s.dm? 1-Х ) | 0.000266mol / s.dm? 


Solving, we get X = 0.9974. 
2)ForCSTR, T =t = 461.7 ес 
urea X Vyax C rn 


-r = 
ү шеа К, + С 


urea 


Coah X 


1 
0.000266то1/ s.dm? х0.1то1/ dm? (L- X) (01то1/ am? )x. 
0.0266mol / dm? + 0.1mol | dm? (1 - X) 461.7 sec 
Solving, we get X = 0.675 


T = 


Vy еа 


See Polymath program P7-1-c.pol. 


POLYMATH Results 

NLE Solution 
Variable ___ Value __ £(x) Ini Guess 
X 0.6751896 -8.062E-10 0:5 


NLE Report (safenewt) 


Nonlinear equations 
[1] f(X) = 0.0000266*(1-X)/(0.026640.1*(1-X))-0.1*X/461.7 = 0 


3) For PFR, 


and C = Cow 1 ын Х) 


итеа 


7-2 


k 1 С 
= т= 0 ——j+ 
МАХ 1-Х 
Same as batch reactor, but t replaced by 7 


P7-1 (e) Example 7-5 


-AC, _ –(238.7 – 245) 


urea 


У мах 


Х-08 


jc - 2.18g/ 
ААС, | 503-214 is 

1 
Y, =—— =— =0.46g/g 
PIS Y 1 

1 І 

Y. = — = ----1.872/ 
ser y 00754046 ~ ~ 5 


Yes there is disparity as substrate is also used in maintenance. 


P7-1 (£) Example 7-6 


1) if we go for 24 hrs, fermentation will stop at 132 hrs as Cp = Ср. 


See Polymath program P7-1-f-1.pol. 


POLYMATH Results 
Calculated values of the РЕО variables 


Variable 


initial value 


t 0 0 

Сс 1 1 

Св 250 39.292786 
Ср 0 0 

та 0.01 0.01 

Ysc 12.5 12.5 

Ypc 5.6 5.6 

Ks 1.7 1.7 

m 0.03 0.03 

umax 0.33 0.33 

rsm 0.03 0.03 

kobs 0.33 0.0039386 
rg 0.3277712 0.0624825 


ODE Report (RKF45) 


Differential equations as entered by the user 
d(Cc)/d(t) = rg-rd 

d(Cs)/d(t) = Ysc'(-rg)-rsm 

d(Cp)/d(t) = rg*Ype 


г 
25 


"EN 


Explicit equations as entered by the user 
1] rd = Cc*0.01 

Ysc = 1/0.08 

Үрс - 5.6 

Ks = 1.7 

m = 0.03 

umax - 0.33 

rsm = m*Cc 

kobs = (umax*(1-Cp/93)^0.52) 

rg = kobs*Cc*Cs/(Ks*Cs) 


- сул на WwW N 


Qon or 


— or 
о со 


minimal value 


13.2 
16.558613 
250 
92.981376 
0.16559 


.4967701 
.33 
.1455962 
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maximal value 


13.2 

16.550651 
39.292786 
92.981376 


0. 


.1655065 


12.5 


5. 
1.7 
0.03 
0. 
0 
0 
0 


6 


33 


.4965195 
.0039386 
.0624825 


final value 


a ГС 


2)Semi-Batch reactor: 


See Polymath program P7-1-f-2.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 24 

Cc 1.0E-04 1.0Е-04 0.0474697 
Cs 1.0Е-04 1.0Е-04 12.206266 
Ср 0 0 0.2748298 
ка 1.0Е-06 1.0Е-06 4.747Е-04 
Ysc 12.5 12.5 12.5 

Ypc 5.6 5.6 5.6 

Ks 1.7 1.7 1.7 

m 0.03 0.03 0.03 

umax 0.33 0.33 0.33 

rsm 3.0E-06 3.0E-06 0.0014241 
kobs 0.33 0.3294925 0.33 

rg 1.941E-09 1.941E-09 0.0137289 
Cso 5 5 5 

vo 0.5 0.5 0.5 

Vo i 1 1 

V T i 13 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cc)/d(t) = rg-rd 
121 d(Cs)/d(t) = vo*Cso/V + Ysc"(-rg)-rsm 
[3] d(Cp)/d(t) = rg*Ypc 


Explicit equations as entered by the user 
[1] га = Сс*0.01 
[2] Үзс = 1/0.08 
[3] Үрс= 5.6 
[4] Кѕ= 1.7 
[5] т = 0.03 
[6] читах = 0.33 
[7] rsm = m*Cc 
[8] kobs = (итах*(1-Ср/93)^0.52) 
[9] rg =kobs*Cc*Cs/(Ks+Cs) 
[10] Сѕо = 5 
[11] мо = 0.5 
[12] Мо = 1 
[13] V = Vo-vo't 


final value 


24 
0.0474697 
12.206266 
0.2748298 
4.747Е-04 
12.5 

.6 

.7 

.03 

.33 
.0014241 
.3294925 
.0137289 


5 


= еголоооооонвс 


о 


0,30 


024 


0.18 


0,12 


0.06 


052 


C, С.С; 
3)Changes from раш(2) У, = Ш, | 17 с" Ee AE 
P? KC +5 


See Polymath program P7-1-f-3.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 24 24 

Cc 1.0Е-04 1.0Е-04 1.514Е-04 1.514Е-04 
Св 1.0Е-04 1.0Е-04 12.823709 12.823709 
Ср 0 0 4.669Е-04 4.669E-04 
rd 1.0Е-06 1.0Е-06 1.514Е-06 1.514E-06 
Ysc 1245 12.5 12.5 T245 

Ypc 5.6 5.6 5.6 5.6 

Ks 1:7 1.7 1.7 1.7 

m 0.03 0.03 0.03 0.03 

umax 0.33 0.33 0.33 0.33 

rsm 3.0Е-06 3.0Е-06 4.541E-06 4.541E-06 
kobs 0.33 0.3299991 0.33 0.3299991 
Ki 0.7 0.7 0.7 0.7 

Cso 5 5 5 5 

vo 0.5 0.5 0.5 0.5 

Vo 1 1 i 1 

V 1 1 13 13 

rg 1.941E-09 1.941Е-09 8.215Е-06 2.568Е-06 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
111 d(Co)yd(t)- rg-rd 
[2] d(Cs)/d(t) = vo*Cso/V + Ysc*(-rg)-rsm 
ІЗІ «Сруа() = rg*Ypc 


Explicit equations as entered by the user 
1] rdz Сс*0.01 

[2] Yse = 1/0.08 

31 Урс= 5.6 

[4] Ks= 1.7 

[5] mz 0.03 

6] umax = 0,33 

[7] rsm = m*Cc 0 


00 48 9б, 144 192 240 
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MM TM 


[8] kobs = (umax'(1-Cp/93)^0.52) 

[9] Ki=0.7 

[10] Сзо=5 

[11] vo=0.5 

[12] Мо=1 

(131 V = Vo+vo*t 

[14] rg = Кобѕ*Сс*С5/(Ке+Сз+С5^2/Кі) 


1.60е-4 5.0е-4 
1.48е-4 4.0e-4 
1.36e-4 3.0е-4 
1.24e-4 2.0е-4 
112е-4 1.0е-4 
Mog 48 96) 144 192 249 (pg 48 96, 144 192 240 


4)After 9.67 hrs, Cs = 0. 
300 -------------- 


Р7-1 (2) Individualized solution 
P7-1 (h) Individualized solution 
P7-1 (i) Individualized solution 
P7-1 (j) Individualized solution 
P7-1 (k) Individualized solution 
P7-1 (1) Individualized solution 
P7-1 (m) Individualized solution 
P7-1 (n) Individualized solution 


Р7-2 Solution is in the decoding algorithm given with the modules. 
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„зы ы Бышы ы шш а ит Шш ыш a © „шш ышы сыш ы 


Р7-3 
Burning: 


i.c 
sat 


NIS —À3 DEG 


х, х Ы % 
алма менмен — —À 
ее теа ау pP Ri 


g (CONCH: 


+ ks (H-} {Op} 


LH 


Fours 
+ ke НО} 


«ср = feo, = ООН: 


-rco = 4К1(О5) + 3k4(H)(O») 


-ty = k(COYOH) – k4(H (О) – ks(HCD(H ) - k«(CI(H ) 


та. = 0 = K(HCD(H) – ke(CHE(H.) 


| 
| 
Н 
| 


гн = dki (Оз) + Эка [H-} (O2) - ka (Н- (03) - 2ks (HCN (H) 


иж слати 


tye sae ђин.) 
Constant Volume 


wpe A n кВ wh 
e" ml. Са Њ%е "= ge” . 
dt di 
Using the integrating factor 


Cy. =- 2 + Ky eb 


t=0 Cy =0 therefore Kj = 


0 


енн анааан вн ы. 


If Ка (O2) > Ks (HCl) , then "b" is positive 


Си. 


э о мөнгө 


if ks (НС > ka (O2) , then "b" is negative 


іт 


7-8 


=-a-p{Cy)- Р(С, )= ЗК, (0, X 
р = ЗА, (О,) 


{= 0 Cco Ши Себи а= 4% (0, } 


|Ссо = Ccos at- p Z eht + ри 
| p? 


} 
| 


КИН 


Reaction Pathway with НСІ. 
Reaction Pathway w/o HCL. 


[co] [e] "ај [со] [59] 


P7-3 (d) Individualized solution 
P7-3 (e) Individualized solution 


< a ———— 


The reaction sequence is: n= ki Cac 
СН,СНО--5-»СН, -+CHO- г = ky Cac Сену 
CH, -+CH,CHO—*> СИ, · +С0 + CH, їз = ky Ccuo- Cac 
CHO-«CH,CHO—^— CH,-42CO« Н, ^7 Сан, 
RCH; =+ C, Hy 


7-9 


шин 


ТАС 1р Ел +13 = ki Cac + К Cac Сење + Кз Cac Ссно- 
= Cac[ki + Ка Cou, ы 


Active intermediates: CH; +, СНО» 


| 
~ 
DO 
te 
+ 
P 
~ 
~ 
x 4 
с 4 
S 
| 
SV 
23 
8 
“Су 
^5 
Куз 
23 
сұ 
2 
х 
+ 
о ће 
~ 
ж 
С) 
EC 


H 


| ыы + = Эс 1 id 
Сас EIC Сен,“ Cone Cac + 5 ЕС 


CHO = fi trg = -ky Cac + К; Ссно. Cac = 0 
a ~ k 
ог = Сено. = z 
3 


Substituting (3) in (2) gives: 


ka СА, | | 
C7 = ki Cac + Ki Ссно. Сас = Ki Сас + ki Сас = 2 Cac 
4 са 
ог Ceme = ДСА) [8] А | 
м [ 1 Ч 
k Pe gk 
^ne = Cael 8 2k | (Си et | 
| 5 ^| 
2b ee 78 
= KC.) ров ЈС тэ 
1 a kk, 1 АС k, | 
With - E 


CH3CHO _ 


Сан 
Р7-4 (а) Individualized solution 
P7-4 (e) Individualized solution 


P7-5 (a) 
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PaT 00И p> Р + ы 3/2 
Пе ка > > | огСас >> 1. ЧАС €(CACP as suggested by equation (7-2). 


а) 


(2) 


(3) 


Gas phase reaction 
2NO4 0,—8->27/0, 


with third order Kinetics and an apparent negative activation energy. Consider the 
following mechanism, in which NO, is an active intermediate. 


NO+ 0,7 NO, n = k[|NO]O,]- МО] 
NO, + NO—5—2NO, n == [МО] МО, | 


о = Е ж 


1 


Tyo, 9 7 


МОО, 


Е о = [МОЇ 0,]* (ky ЫМ a); М Ын NO] 


vor [0,] мо, ] 
| + KL NO] 
-2kk, m [0] 
512112 
к >> k [NO] 


yo E 2 ОГ [0, | 


For the overall activation energy to be negative, 
{E + E) E, Ej <0 
ЪЕ, <(Е+Е)) 
As long as all energies are positive values. 
P7-5 (b) 
k 
Cl, = 201 
2 


5 
Cl + CO z2 COCI 


ke 


ks 
СОСІ--СІ,->СОСІ, + СІ 


=== 


коа 0-4,(С0(С0)-4,(СОС1)-8,(СОССЬ) 
k, (С1)(СО) 

МИ ита 

тера, = Ёз (сосі)(сі,) й о 


га =0= k (CL)- k, (Ст) - &, (CD) (CO) k, (СОСТ) +k, (COCI) (CL) 
add гсос to Га) 


га Фоа = 0+ 0= k (Cl, )—k, (CD) 


(ау = (с) 


(Cl) =,|+(Cl,) 
2 
k, 05 k, 3 
kk, (со) (Ch) (CL) kk, (соусы) 
ыс == ДЫ. шш сл = шшш ҒАС а 

"coc, k, + (CL) k, +k; (CL) 
k, >> k; (CL) 

kik 


P7-5 (c) Individualized solution 
P7-5 (d) Individualized solution 


ee RN NEN 


Ki 
МО; + hv -> МО + О 
К, 
Оз +О+М — O +M 
К, 
О» 4МО — МО, + О; 


Using PSSH, 
Ей К, C yo, 


ro =0= &Cyo, - Со СС > СС 
2 2 EC 


ios URS C Cu Б 20: БЫС MM es 
[2] [0] M 3 [0] NO О, k,C yo ве 


P7-6 (b) 


7-12 


dC yo, 


=—k, Со, +k, Co, C yo 


dt 
dC yo Mo, _ CEC 
= k,Cyo, - КС, C yo =—k,Co, СоСи m 3Co, NO 

dt r dt 

dC 

— = К.С yo k,C,, Со См 
dt 

7-6 (c) 


| “Тод *k ІСТІ 


Оз. M and О; appear in the denominator, active species suggested is О. 
Applying rule 3 of table 7-1 to О, and Os: 

+ O5 20$ 

О; + O 04 


Os and M appear in the numerator. Applying rule 1 of Table 7-1 to Оз: O72 О; + O 
If the second and third equations are combined, and M 18 added to each side of the 
equation: 


M+ Of "О, +0-+М 


+} 


0,%0---З-»2, 


А mechanism is proposed which satisfies all the rules of thumb: 
г = д tanh sok [M IO, 15510, JO TM ] - &[O IO |= 
eno КМ О,|-44(0,10:|М1-4,(00:10, |=0 


жос 201 
01-32 e Т 1+5 [o] 


:0 


ki [M] [os] + EE IMP Eos [On] - Је key [MI COST 


Then то 
~ kz [ОМ] + ку[ Оз] 


it 


toy = Ку Kz (MP [03] [07] + ка ko [МР [Os] [Og] - 2к ks [MJ [Os 
ЕМІ + К. 105] 


LKS ГМО; 5. | 
[Oz] (MI + р {Оу x и 
kz 
P7-6 (d) Individualized solution 
P7-6 (e) Individualized solution 
P7-7(a) 
7-13 


LOW TEMPERATURES - NO ANTIOXIDANT 
d - s = зоб] [IH [RB] (A) 
ЧЕН!» МЕН кь [ROr]{RH] 

480: „кыгы гол - ка [ВО [ЕН] - кво, P 


(В) 


(С) 
R-] 


"d = REI - kp, [R-][02] + kp, (ВО; (ЕН) Ф) 


PSSA.... a 


[R4] = 2ko [l2] + kp, ЁО»! [RH] : still need to eliminate ЁО» 
kp, (03) 


Eu = 0 = kp, IR-J [O3] - ke [КО [RH] - k: [ВОР 


Substitute for [Re]: 


Ко [12] - [RO]? = 0 


[ROz} = 4/ P [12] 


Now substitute the expressions for the radicals into ан! the expression for the degradation of 


the oil. 1 t 
ФЕН) _ _ [2kollall а, [ко 
а нн-е ан 
i 
(8) 


1/2 
= ои] |ы [13] [RE] 
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ODE to be solved- low temperatures, no antioxidant: 


d ЧЕН} „ 


= 2ko[b] + [12]? [RH] 


2K, ag | 


P7-7(b) 


Low temperatures with anti-oxidant 


451. = k[RH)[I] - kp, (R-1[O2] + kp, (КО [RH] (same) 


2 dA. = Кај [АН] [КО»*]- КА2 [As] [RO] 


{вн = -k[FJ[RH] - kp, [ROx] (RH] 


Apply PSSH: 


dhl . Ши: - 20 
= = 0 12 


А*] КА: AH] 
12 0 = |[А•] = Alt 4 3 
dt | Ka? 
Rl. _ 2ко(12| + kp, [2 0“ [ЕН] 
& 7 kp, [Оз] | 
RO me 4 
802] 20 копа) - кво» - дка [AH] [RO»]) 


2 - ki [ROz}?- 2kai [AH] [ROz] -2ko[lD] = 0 
ki [ROzP+ (2kai [AH)[ROz] - 2ko[I2] = 0 Quadradtic in |КО») 


-2К [АН] + V(2ka1 [АН]? + 8k, ko [5] 


[80] = Fk, (ЁОг| MUST be positive 


Now (FINALLY), let's substitute into 


ЧЕН). 
"mE 


488) = - ki 12 ЇЕН| = Кр, [RO»] [RH] 


ын = -КА1 [ 


АНЦВО:4| = - ka; [АН] 225м [АН] + У (2кат [АН + 8k: ko [12] 7025 ГАН + 8k: ко 
К 


- 2ko [la] - ke, [RH] 17a [АН] + V(2ka: [АН] + 86 ko [ia] 


--“ 


P7-7(c) 
If the radicals are formed at a constant rate, then the differential equation for the concentration of the 
radicals becomes: 


d [1-] | 
——— =k –К | 1 | RH |= 0 

СЧ са -k [I] [RH] 

k 

а | J+] =—_2_ 
“= t] 
The substitution in the differential equation for В: also changes. Now the equation is: 
а|К 
Каан -kn [R][0;]+ „(80 ви1-0 
and solving and substituting gives: [Re] = Ko ks [80 Ен] 

kp [0, | 

Now we have to look at the balance for КО». 
d| RO,» 
«ХОЛ no, ]- 1, [R0,-] [вн] 1 [R0,-] =0 


and if we substitute in our expression for [R-] we get 


0-k,-k, [RO ~] which we can solve for (ЁО, 1. 


К 
КО, | = |-- 
Now we are ready to look at the equation for the motor oil. 
d |RH* | 
ми 0н) -к,„ ко, [ви] 


and making the necessary substitutions, the rate law for the degradation of the motor oil is: 


d| RH» К, 
du =н =-& -ы [RH] 


P7-7(d) 


Without antioxidants With antioxidants 


Р7-7 (е) Individualized solution 
P7-7 (f) Individualized solution 
P7-7 (g) Individualized solution 


P7-8 (a) 


Given: Illness mechanism 


ki | 
Н-э[ n =k, (H] (Healthy person gers ill) | 
р | | 
[+H «3 2 пе ko [НИИ (healthy person сопа ас 5 | 
disease from iil person) | 
ky | 

Те H - 4! ib 

n= k [R (Ш person gets well) 

Ka 
=> 8 ЭРЭЭН! (Ill person dies) 
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rp = Ка [0 


Applying pseudo steady state hypothesis toT: rj = rpr-nG-r += 0 


~ гр = КЪН) | 
K3 + ka - ko [H] 
P7-8 (b) 
at ЕН) = == Ка the death rate becomes infinite. 
P7-8 (c) 


Ir is enlightening to calculate ry. 
Ty = -r-r +r = -К [H] 5 о [НД + к (| = -k; [H]- (ke [H] - к) 
-kı kaf H] 

Г = ован отет то ШЫ ы 2 
Н (аак Нр 2020 

This expression states that for every person who is Ш and dies, а healthy person becomes ill. For 

the population as a whole, "illness is but a ‘way station’ on the road to 'death'." Note further thar 

TH < 0, and therefore the population will die off eventually. Initially, the death rate will be slow, 

until {Hj э (Ка + ka}/ k2. The model neglects the possibility of birth. In practice, it would appear 


то be useful in describing epidemic-like diseases, which occur over a short time so that the birth 
rate can be neglected. 


P7-8 (d) 
See Polymath program P7-8-d.pol. 


V ——— 1.00E9 
8.0е+8 8.00Е8 
6.0е+8 6.00Е8 
3 
4.0e+8 4 00Е8 
2.0е+8 2. 00Е8 
Me 0 20649 40689 60689 8069 106440 1 ОВО EO 2.0089 740059 600E9 800Е9 100Е10 


Everyone becomes ill rather quickly, and the rate at which an ill person recovers to a healthy person is much 
slower than the rate at which a healthy person becomes ill. Eventually everyone is ill and people start dying. 
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P7-8 (e) Individualized solution 
P7-8 (f) Individualized solution 


P7-9 (a) 


dota 
*& lactic acid 


data 


y 20002x + 1.1697. 
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from these: s72. 85107 С, = 1.1697 
k, = 8. 26* 107 C, = 1. 1883 
The activation energy then is: 


Я 
In ducta -7.4kt +C 
C,-14 


а (Које =108120— 


` YT, ~ VT, 1 


= 


P7-9 (b) 


-Ef 1 1 ) 25224 
=. 10^ | = 1.8 * 10 
Ба = № Gee 504 


Using interpolation, C = 1.18086 
Using the same equation used on the graphs we can solve for t when C, = 1.1 
tz 49 days. 


P7-9 (c) 
-Ef 1 1 
SEL Есеј эйрдин алын = 0023 
та ЕСЕ 23) 
Са 211 
= 2 days 
P7-9 (d) 


The data appears that it may fit the Monod equation for substrate consumption at the stationary phase. 


Р7-9 (e) Individualized solution 
P7-9 (f) Individualized solution 


P7-10 (a) 
Е-5-4-Е5 E-S—25E+S 
E.S —8-5P+8 P+S— E.S 


та - K(E)(S)-  (E-SS)- I; (E+S)+k,(P)(S) 
since S is not consumed: S, = 5 + E*S or 5 = 5; – ES 


$5 =k, (E)| (S; )-(858 S) ]- (ES) -  (E-S) +k, (P)[ (5, )-(Е*5) | 


ki (E)(5; ) - CP)(S:) 
SI (E) ek, +h +k, (9) 
=k (E)(S)-k, (E-S) 
k (E)+k,(P) kk, (E)(S; )+ k,k, (P)(S; ) 
atro k (E) +k, +k, +k, (P Я| k (E)+k, +k, +k, (P) 
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P7-10 (b) 


Е-5---Е%5 Е5-е->Е-5 
ES —3— E-P EeP—*>E-S 
E.P —5— PE 
трр=д=к (E-S)- k, (E-P)- к, (E-P) 
(Е-Р)= k, (Е*5) 

k, +k; 


та = K(E)(S)- & (ES) -  (E-S) +k, (EP) 
since E is not consumed: E, = Е + E*S + ЕеРо E = E – Е*5 — ЕР 


pe, Bs - јез p=, -esfis д | 


478% k, Ж К, 
Insert this into the equation for ге and solve for the concentration of the intermediate: 
kS (Е 
( E+S) = oO 
1+—8— |k (S)+k, +k - — 
k, +k k, +k; 
kk. | EeS 
r, =k,(E*P)=— sU) 
k, +k; 
kk (S)(E,) 
Tp М> 


P7-10 (c) No solution will be given 
P7-10 (d) 


k 
E+S, 2 Е•8, 
2 
ky 
E-S, +S, 2 E*5,8, 
ky 


ks 
Е»5,5,-Р-Е 
(0) уд =0= k (Е)(5,)– (ES) -  (E-S)(S;)-- k, (Е+5,5, ) 
(2) rg. ss, =0= k, (E*S)(S;) - E, (E*S,5;) - s (E+S,S,) 


If we add these two rates we get: 


(3) Tas, + Таб, =0= А (E)(S)—k,(E*S)-k, (E*S,5,) 


k, (E-S)(S;) 
k, +k, 
Plug this into equation 3 and we get: 


From equation (2) we get (Е 519, ) ш 
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—— 


__ A(S)R(E(S) _ (ES) 


k,(S,)) kk tkk +, (S) 


КЕ (5 )(5, (Е) 
=k, (Е•5,5, ) = КЕ, + ЬЕ, +k tkk, +k, (5,) 


(Е,)=(Е)+(Е.5)+(Е-5,5,) 


8(5) . 88(5)8) 


E |Ј= (Е || 1+: 
(Е,)=(Е) i k,(S,) kk tk +k, (5,) 
2 k,+k, 
| КЕЕ, (S,)(S,)(E, ) 
Ig e асаа ити 
k,(S,) kk (5,)(5,) 
LE RE HEISE e due ы 
24 T Kos 3 ( 2) " ыз 5,) БК, + ksk, + k, (8, ) 
? ky tks 
P7-10 (e) 
қ 
ты 
h 
(548) =2( ES), +R | 
ks | 
(ES), >Р+Е 


(0) Қаз) =0=А(Е)($)-к,(Е«5) -k (E«S), - k, (Е*5), (В) 
Q) про, =0=6(Е•5) – K, (ES), (P), -ks (ES), 
K(E*S), 


USE IRE 


(вз) -- МЕ) 
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k,(EsS), һ(Е)(5 
88,205) 21 
? ky +k, (B) 
kk, (E)(S) 
? (Р) + kk, + kk, 
АКК, (Е)(8) 
* КЁ ЊЕ (B) kks sk, 
(E) (E) * (E58), +(Е*5), 


(88), = 


=k, (E.S), = 


ЦЭ 


Е (5 КЕ 5) 
(Е )=(Е) нашу г 
kk, _ kk,(P)+kks kk, 
^ kk (B 
| 23221310 Е 
са ли 
& (5) kk (S) 
КК (P) kk, + kk Hc ч Тал cles ey a 
(Kak, (P) + kks ) ҮКЕ) kk, (Б) + К.К; + ksk, 
k,*k(R) 
P7-10 (f) 
қ ky 
Е-5:2Е-5-»Р 
ky 
[7 
Е+Р&»Е*Р 
ks 
E-S + PO Е-5-Р 
2 
EP +S Е-5-Р 
ko 
fp =k, (Е•5) 


(1) пр =0= 6 (E)(S)—k, (ES )—k , (ES) +k, (E*S)(P) +k, (Е•5•Р) 
(2) Ker) =0 =, (Е (Р)- -k (E Pj= k, (E-P)(S)* & (Е•5•Р) 
(9) s =0= ke (Е*5 )(Р ~k, (E-S-P) -  (E-P)(S) - K, (Е•5•Р) 


(2) +B): gp) s =0= ky (E)(P)- S (E-P) + (EsS)(P)- (Е»5-Р) 
now ада (1) to this: 
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вээ) = 0 =k (E)(S)—k, (E*S)—k, (Е*5) +k, (Е)(Р)-№ (EP) 
(Е) (5) +k, (E)(P) - s (EP) 
Е, +k; 
k, (E)( P) +k, (Е•5•Р) 
k, +k,(S) 
k,(E*S)(P) +k, (1 (E-P)(S) P)(S) 
k +k 
ыг) ЕР} 
k, +k, 
k; + (5) 
ЊЕ (Е)(Р) kyk, (E)(P) + bk (E-) (P), (E-P)(S) 
k, +k, (5) 
kk, (E)(P) + kok, (E)(P)* koks (Е-8)(Р) 
К, 


Қаз) К.Р) "Қ 


(в5)- 
(E-P)= 


(E-S-P) = 


k, (E)(P)* ke 


(EP) = 
(EP) = 


(EP) = 


ыу) er) кДа al )+ koke (E*S)(P ил 


k, t k, 
k (E)(S) - № (Е)(Р) -kk (E)(P)+ kk, (E)(P) 
k, +k, — kk, (P) 
k(S)* k, (P) - Ek, (P) + kok, (P) 
k, +k, - kk, (P) 
(Ej )- (Е) +(Е+5) + (Е•Р) + (Е+5•Р) 
(m j= (s) ЕЈ EX?) (Ee) (E 


К, 


(в-5)- 


Tp =k, (Е•5 )= 6 (E) 


k, (Е) (Р)- ЊЕ ( 


"m 
kk, (E)(P)* kk, (Е)(Р)+ koke [e UT > d 
MM MEE ижил 
k (E)(S) c , (E)(P)- kk, (E) (P) kk, (E)(P) 
ae 


Webb ENED) a) 


ка (EP) ks (EP) | k, +k, - kk, (P) 


К, 


LENE) t (EX?) Н+ (0 Р) 
(5) 


аным ee о aM 
kitko 

all of the terms in the numerator have (E) in it and so the (E) can be factored out and an expression for (E) 

in terms of (Ет), (P), and (S) can be made and plugged back into the equation for rp. 


P7-10 (g) 


kı ky 
Е+5 < Е•5 Р 
№ 


(s.s) - o 
k, +k; 
E.P) =0=k, (Е)(Р)- № (E-P) 
(ep) РАН 
r, = k,(E*S)—k,(E)(P) +k, (E-P) 


r ERG) куруч, (Е)(Р) 


4 k, +k; 
1 kk, (S)(E) 
4 k, +k, 


(E, ) - (E) * (E-S) + (E-P) 


(E, )- (еј + (002) ЕХ?) 


k, +k; k 


сведен 

= kik, (S)(Er) 

" & (5)(Е,) 

Р ЕЕ цан ТАЛ) 
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Р7-10 (h) No solution will be given 

P7-10 (i) No solution will be given 

P7-10 (j) No solution will be given 

P7-10 (k) No solution will be given 

а —————————————— 
Р7-11 (а) 


The enzyme catalyzed reaction of the decomposition of hydrogen peroxide. For a batch reactor: 


1. 4М5 = dCs p V ax Cs 
Уч 7d ELO. at tz0, Cs = Cs, 


Rearranging and integrating: 


су ( 
Ка ] ee 
tt de < ш. ! du. Fag С ~ 
ПЕ + Lids Vmax dt = Km in 2 + Су - Cso = -Vmax t 
Ў 0 5о 


Со „ .Cso-Cs , Ула 


or * 1а c = 
| Cs Кас йг 


С; (С 
А plotof 1 - In eo vs 250.5 шэн should be linear with slope - 


In 
Cso 1 1, Сѕо Css Се Cso- C 
асы хеше 
0 0200 1.0 2 0000 | Е - 
10 01775 1.1268 01193 .00225 .000225 
20 .0158 1.2654 .01179 .0042 00021 
50 ‚0106 1.8867 01270 0094 000188 
100 .0050 4.0000 .01386 .0130 .00015 
0.0140 
0.0135 
t Cs 
0.0125 
0.0120 
0.01 15 m coe р лр 1 Mo о тези пе: 


15 16 17 18 19 20 21 22 23 24 25 


(C(so) - С(5)) x 1E5 
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From the graph, slope = ~ 
а mol | min? j 


{17.5 - 20.6) х 107 


dcm DU. d os | adi 
31x 10? lg mol Ка 
Ка = 02105 mol/l 
Ар Cx ы у: бәсен ао $ gmol 
t Cs min t Tmin 
U Ка t 5 int 0310 S 
Үзэх = (013 + 5,64 х 10?) min t = 01865 min” 
m 
У нах = (01865 x шіп” у, 0310 £22 e = 578 x i07 gmo 


P7-11 (b) 


Ушак ФЕЈ. If the enzyme сопсептаноп is increased by a factor of three, then 


у = 3 s 78107 EEL = 17.34 *10-* А 
1* min ) L* min 


ka In E3- + Су Cs, = -1734*107 STO! тік 34 1,0) * E701 
450 L* min 


This equation shouid be solved by trial and error. Rearranging, 


ја 25. = Сзос Cs - 0347 
Cso Nu 
[Са 03471 [-.0147- С 
Cen ео Со: Cs ~ 03471 _ бр ехр[ 147 Cs] 
2 DE Ка | ТОД 0310 1 


~ 
ке 
i 


Assume a Cs , calculate a new one from the RHS of the above equation. 


Assume Cs Мем Cs % difference 
0.015 70.6077 948 
0.0077 0.0097 20.6 
0.0097 0.0091 6.6 
0.0091 0.0093 2.2 
0.0093 0.0092 1.1 
0.0092 0.0092 0 


Р7-11 (с) maividualized solution 
Р7-11 (а) Individualized solution 


ААС 2 —ЇС————————___——_———— 


Р7-12 (а) 


7-27 


МЕ б 


Given the reaction sequence: 
E*ScE-S 


E*S+S3@S-E-S 
Е* 5 <= Е+Р 
The plat of -r, vs C, is shown below. 


the mechanism for the above reaction is: 
I = КСЕ || 
1+ К, С, + КС 


low values of C,. For C, >> 1: =. This is also in agreement with the graph. 


-ң асны тај) 


Ars) ХЕ ҰОС ЕК + 2K: CJ _ КБ(1-К: С ) _ 


OC, L+K КС ivi a+ Gr ok G +K: С 


ЕЦ - Ka С {Ка + 2Ka Су 


or сі = e -2К Е, С. Ka ) 
4 = KECK __ it Ka C3) 
5 [DAK G K: CP 1 + Ki C, + КУ C2? 


а" -r 1 ў ја > Ву А > “6 33 
9 (та) o KELIK С, Ку Ko CI ith C2 = Lo, the numerator becomes 
әсі (1+ Ki G + ke C&P ҮК; 


2k Е. - Ki - 375 + Нэн «0-2 (-та) goes through a maximum. 
-2 4 


ы 
This observation also agrees with the above graph 


P7-12 (b) 
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; For C, << 1: - = К C, E in qualitative agreement with the graph at 


For a CSTR operating with V = 10001; vo = 32 Vmin 


" ~ ^ o ups x „М SUDO a 313 min 
0 [Cao Е СА] = -raV OF Ta DIM $ РН bo = 32 313 - 
ith C 5 50 Са; this (line: боп is plotted on the accompanying 
with Cag 50 m оо 5Л , та = 7 this (linear) equadon 15 piat ying 
313 


graph, the equation intersects the бој vs С; curve from the rate of reaction at 
= > : s 


С. = 34 ПОЗ г, = 0.052 mmoles. C, = 9.4 mmoles. | 
m D y CTT Инв | 


4 ` | mole em m. 
чу = оао: С, = 2. ШЕ г, = 0.154 рава Я 


Stability of points: assume that а perturbation 9$ = Ср - Cs occurs where the overber designates 


the steady-state condition. Material balance for any time: 


dC Қ Ж 
үшш = rV + Con 09 - Cs vo 
dr 

dC 5 дог ~ н e 
or t Ps = тут + Cso- Cs Y Combining | 
at steady stare 46 a | 
у Sly 7 -- | 
ias =(=- +0; 6 | 
0 = t+ Сао + Сб р | 
Using a Taylor series expansion about Су to linearize rs - 5: | 
{- [^ | | 
ЕҚ Әт = 92151 px ЭГ, | 
Ig-fg = Юм | (Са - Се) = Eo | 05 and substituting | 
ја Cs jE 9 Cs iE; | 


„$ 


! 


у | 
„ 48 or | 4 | 
М ЕУ = | t 1105 +650 ж:=0.95 = 0 | 


ГНИ 


For this soludon of the above equation го be stable: 


р 
- 
А 
© 


At С, = 2.1 m moles/l, т; = 0.154 m moles/ 1 «min, the slope of the reaction rate curve is positive. 
Therefore, this operating point is stable, For the other two points. the stability may be examined 
by esamadng the derivative graphically: 


МС = 94 m moles, ШЕ E 
9 Cs ICs “94 ACs 
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2. the point Cs =9.4, -rs = 0.132 is unstable. 


и ps = 8079) „ 0067520018 _ 0.0495 min 
аса Је, =21 АС: 24- 2 


9 (~ 
pon + = [- 0.0495. min 1) (313 min) = - 0.773 5-1: stable 


9 Cs IG, 
At Cs = 5.1 m moles/l. -rg = 0.154 mmoles appears to be stable, but more accurate calculation 
| -min 
9 (s). E "P 223 
f 717—7 | is necessary 10 establish this conclusion definitively. 
gts 
С.-С; 50-21 
X === s => = ,958 
б. 50 


Р7-12 (с) 
КС,Е, 
сурлага. 
1+ КС, + K,C? 


If Er is reduced by 33%, -rs will also decrease by 33%. From the original plot, we see that if the curve —rs is 
decreased by 33%, the straight line from the CSTR calculation will cross the curve only once at 
approximately Cs = 40 mmol/L 


Х-02 


Р7-12 (d) Individualized solution 
Р7-12 (e) Individualized solution 


P7-13 (a) 


Data on Bakers Yeast at 23.4 °C 


I Et M Ü——— € ——— M À—————— M —— M M Ó 


Po, Qo, Qo. mn EM mo 
na 20 mg Qo, Ро, Qo, 

sulfantiamidc sulfanilamidc/ml no 20 mg 

added to medium sulfanitamide sultanilamtde/m! 
^ ———— , TNT шан aided to medium — 

700 О 0.0 - ~ | 
0.5 23.5 17.4 .0425 2.0 .0575 
1.0 35.0 25.6 93053 1.0 0391 

1.5 37.5 30.8 02666 .66 03246 

3.5 42.0 36.4 0238 40 02747 
3.5 43.0 39.6 ,0235 .285 „0253 
5.0 43.0 40.0 0333 200 250 


р = StS = LUST. where in this problem, Qo; = oxygen uptake in microliters of 
Ens Kars 


Оз per hour per mg of cells = rp, and Оз is the substrate. 
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241 1 : - Km 7 „=т= 
Plot of =~ versus д will have a slope ot sl and an intercept of u 
Оо, Ро, V шах P j 
0.06 т 
88 
0.04 
(1/0 In 


(Cise¥C(s)) оюу 


0.02 + 
051 | 
0.00 | 
0.0 05 10 15 20 
17130) (mm Ha) 
From the graph, slope = 0305. 2 014 = 0165 Intercept = 0.019 
mo , 


n Vma = 52.63 --- 
= hr mg cells 


Km = 0.0165 Vmax = (0.0165)(52.63) = 08684 mmHg 


P7-13 (b) 


Now, with competitive inhibition: E +5 = Е + 5 
ТЕ с E 


Е. 5$ > PHE 


К, |; + 1 
= У max 5 Ї = m Кү {1 ER 
Rare law becomes: г moe d re = Qf е zt AT Кыды Жей 5 y — 
| S + К [1+ xj P тах E max 
"К, 
ко 
In this case, the slope 15: DE while the intercept is the same as in case (a) 
ах 
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For the case of опсотрепоме inhibition: E+S E-S 


Езу Dead ES 


Е-5оР+Е 
у K m га 
Rate law becomes: тр = __З Мак or = = с +2 
Km + S [1+] әр Уля S^ Vma 
К 
1+ x 
In this case, the slope is the same, but the intercept is. -L 
гүйх 
And for the case of non-competitive inhibition: Е+16Е 1 
Е•1+5<=> 1• Е+ 5 
Е+$с»Е+$ 
1+Е+5еЕ+5+1 
ESPE 
prelo ded. 
f Vmax $ 7 as = EKL к-К) 
E S 


ШШ eaten — iu 
Кај P Уш Узы 


In this case both the slope and intercept change. Plotting the data of g- іп путне versus s 


with sulfanilamide on the same plot as was plotted the data for the case with no sulfanilarnide, it is 
seen that the slopes are different, but the intercept is the same. Therefore the inhibition is 
comparanve. 


P7-13 (с) Individualized solution 
P7-13 (d) Individualized solution 


P7-14 
For No Inhibition, using regression, 
| 1 1 
Equation model: —— = a0 + al — 
SF, 5 
a0 = 0.008 а1 = 0.0266 
For Maltose, 


1 1 
Equation model: — = a0 + а] — 
ed S 


a0 = 0.0098 а1 = 0.33 
For a-dextran, 
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| 1 1 
Equation model: —— = a0 + alj — 
er 5 
a0 = 0.008 al = 0.0377 
=> Maltose show non-competitive inhibition as slope and intercept, both changing compared to no 
inhibition case. 


=> а-дехтап show competitive inhibition as intercept same but slope increases compared to no inhibition 
case. 


Е )= к(н”) 
(Е,)-(Е 7) (Ен)«(ЕН:) 
(E) y ве Qr uno) 
(Er) 

(ННІ----Т- -З-З-- 

Ley Hal ) 
Now plug the value of (EH) into rp 
r, =kK ( ЕН )( 5) | Ku (EK (HVS) 
цайг 1+K,(H*)+K,K,(H*) 


At very low concentrations of H* (high pH) гр approaches 0 and at very high concentrations of H* (low pH) 
гр also approaches 0. Only at moderate concentrations of H* (and therefore pH) is the rate much greater than 
zero. This explains the shape of the figure. 


P7-15 (a) Individualized solution 
P7-15 (b) Individualized solution 


P7-16 (a) 


For batch reaction, 


КЕЕ 


С 
di. NE $Сс 
dt 


Ce = Ceo t Yos (Css zi e) 


See Polymath program P7-16-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 
Cs 


0 0 10 

20 6.301E-11 20 

20 20 20 

0.25 0.25 0.25 

0.5 0.5 0.5 

0.1 0.1 0.1 

0.1 0.1 10.1 

1 1 1 
-0.0987654 -8.0781496 -2.546E-09 
0.0493827 1,273Е-09 4.0390748 


ОРЕ Керог! (ККЕ45) 


Differential equations as entered by the user 


[1] 


d(Cs)/d(t) = rs 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 


0.0 


P7-16 (b) 


For logistic growth law: 


Cso = 20 

Km z 0.25 

Ycs = 0.5 

Cco = 0.1 

Сс = Cco+Ycs*(Cso-Cs) 
umax z 1 

rs = -umax*Cs*Cc/(Km+Cs) 
rc = -Ycs"rs 
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final value 


Үс = -Үс,515 


10 
6.301Е-11 


-2.546Е-09 
1.273Е-09 


е 


See Polymath program P7-16-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 7 7 
Сс 0.1 0.1 0.9918599 0.9918599 
umax 1 1 1 1 
Соо 1 1 1 1. 
rg 0.09 0.0080739 0.2499857 0.0080739 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cc)/d(t) -19 


Explicit equations as entered by the user 
[1] чтах=1 
[2] Соо=1 
[3] rg = umax*(1-Cc/Coo)*Cc 


For part(a), С. = Y, Са, + Ceo = (0.5(20)g / dm? + 0.18 / dm? 210.1g /ат' 


P7-16 (c) 
For CSTR, 
Y, ИС C 
M 5 
E 3 

Dilution rate at which washout occurs — сүтак so = шэн уле. = 0.494hr ! 

К, +С  0.252/4т' +202 (ат? 
P7-16 (d) 

Ko 0.25 јат 
Dux prod = Үс); сах I- —_*— = 0.5хїйг" х Ээ) 
| Ku PC. 0.252 / ат” +208 / ат 
Ib pod 7 0.44hr™ 
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Е 


С = E + Ки Ц Байьсн D 
i Yc; аа -D Ки + С 


3 -1 5 
К = * 0.25)g / dm Е 2 Dd = 9.08g / dm? 


€ (05х 7 -044hr^ 20.25g / dn? 
с, шыл Км: ылда жа 
Үс) шах 7 


С,-Ү,сС. = 0.15x9.08g / dm? =1.362в / dn? 


3 3 
"S Аъ CsCc _ аиа ии = 7.996 / dm? hr 
Ku tC; 0.252 / ат” +1.832 / dm 
P7-16 (e) 
If ra= КСс 
m = Ссуо =, -ny 
қ-ғ Y, C 
Divide by СсУ, p - a zr i) _ (озь С) CIS Ins DE 
Се Ku tC; 
D+k,)K 
=> Со (D k,)K y 
Үс та” Р 
Now – = Кис = Р(С,, -С,)- Үг ӨС, + r,) 
б Үс (Со >C) 
i D+k, 
For dilution rate at which wash out occur, Cc=0 
> Cso = Cs 
D+ 
= Се _ (О+)К„ 
Үс т” D 
zs =l I -1 3 
Bos _ Хоја так C so К.К _ О5х И л 0.02Ar чш = 0493hr ^ 
Cu dX, 20g /ат' + 0.25g / ат 


There is not much change in Dilution rate while considering cell death to one where cell death is neglected. 


DC. = РАСС) С _ (D*k,)Ky 
© р+к у -D 
d C15 P max 
Now For Dmax. prod ° ас.) = 0 
| ар 
Dax род = 0446 ш" 


P7-16 (f) 


Now -fm = mCc 


РС. о8 (С, - С; ј=-ђ ^r, 
т = Ссу = (r, у = MCV 
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ү, С 
Divide by CcV, Р=и= (Коу С) 


Ku +C; 
DK 
Solving > СЕМ 
Yos шак x D 
Now =r; =YVsich, = РС: -С,)-тС, = (Се) 
C.= | (Со m C; ) 
6 YuD4m 
For dilution rate at which wash out occur, Cc=0 
DK 
= Cso = Cs, Се = м — 
Yo, s max ын р 
DK 
=> Се = cc cepi eM 
Үс) aas = р 
-1 3 
Е: Ви Крај Сод » ес х 202 / dm ын 0.4941 ^ 
Cu tKyu 20g / dm + 0.25g / dm 
di DC 
Now For D ах prod > a(DCc) =0 
dD 
Drax род = 04163 ш" 
P7-16 (g) Individualized solution 
P7-16 (h) Individualized solution 
P7-17 
Tessier Equation, 
T, = dus (1 не" с 
(а) For batch reaction, 
dC 2 
P mL = ту = Уст, r, = Max le bec 


Се = С + Yos (Cso ш C,) 
See Polymath program P7-17-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 Ki 7 

Св 20 0.0852675 20 0.0852675 
Ссо 0.1 0.1 0.1 0.1 

Ycs 0.5 0.5 0.5 0.5 

Cso 20 20 20 20 

Се 0.1 0.1 10.057366 10.057366 
k 8 8 8 8 

umax 1 1 1 1 

Мас 2 2 2 2 

rg 0.0917915 0.0917915 3.8563479 0.1066265 
rs -0.183583 -7.7126957 -0.183583 -0.213253 
RateS 0.183583 0.183583 747126957 0.213253 
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ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Cs)/d(t) = rs 


Explicit equations as entered by the user 
[1] Ссо=0.1 

[2] Yes = 0.5 

[3] Сзо = 20 

[4] Сс = Ссо+Ус5'(С50-05) 

[5] К=8 

[6] итах = 1 

[7] Үзс-2 

[8] rg = umax'(1-exp(-Cs/k))*Cc 

[9] rs = -Ysc*rg 

[10] RateS = -rs 


(©) DC, =r, D(Cso - Cs) = ғ; r, = UC H = Umax (.- е 9%) 
т = Ссуо = (r, V = UCV 
Divide by CcV, D = U = И ах (1 = get) 


C, =-k wi -2- 
Шаа 


Now  —rg = Ү;,сг, Со (Со = бај 


For dilution rate at which wash out occur, Cc=0 


=> Cso = С = -К vi — D | 
P sax 


=> Р = Has 6 0 )e Ihr (Le пиво њиви) o 91g, 


(А DCe = Ру, (С, - С) C, =-Е ү -2- 


Шы 
р 
DC, = сар + т ы) 
Шаа 
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а 


4(рс,) 


Now For D rax prod ; р =О 

Dux prod = 0.628 ш" 
P7-17 (a) Individualized solution 
P7-17 (b) Individualized solution 
P7-18 (a) 

Алах С; 

„= ИС = 
Жл. цаг. u tC; 
For CSTR, DC,-r,  D(Cso-Cs)=-fs Ут 


4 V 
C, 2C, (1I- X)210g/dm(1-0.9)-1g/dm' D= of, 
C, = Y. (С, - Cs) 20.500 — Dg / ат? = 4.58 / ат’ 


рс, 2 2 = Ита C sc 
Kyu + C; 
-1 3 3 
"EC _ 0,887“ x1g / dm х4.58 / dm 

V (4 +1)2 / dm 

V = 6250dm? 
P7-18 (b) 
Flow of cells out = Flow of cells in 
Е = Сс 
Cell Balance: F + rV —Е = ус | 
асс, | 

d F 


dC; 
Substrate Balance: эгч = yoCso — VCs - Y. 5 r, 


r= Ш Cs Се 
анга 

Ky 4C; 
This would result in the Cell concentration growing exponentially. This is not realistic as at some point 
there will be too many cells to fit into a finite sized reactor. Either a cell death rate must be included or the 
cells cannot be recycled. 


P7-18 (c) 
Two CSTR's 
For 1* CSTR, 
V = 5000dn? , DC, =r, (С, - Cs) 7 s 
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Trs = Y,cr, Ig 


Шъ C у 
"ace D=% 
M +С; 


See Polymath program P7-18-c-1cstr.pol. 


POLYMATH Results 
NLES Solution 


Variable Value £ (x) 


Ini Guess 


Cc 4.3333333 9.878Е-12 
Cs 1.3333333 1.976E-11 
umax 0.8 

Km 4 

Csoo 10 

Cso 10 

Ysc 2 

rg 0.8666667 

rs -1.7333333 

V 5000 

vo 1000 

D 0.2 

X 0.8666667 

Cco 4.33 


NLES Report (safenewt) 


Nonlinear equations 
[1] Сс) = D*(Cc)-rg = 0 
[2] f(Cs) = D*(Cso-Cs)+rs = 0 


Explicit equations 
[1] umax = 0.8 

[2] Кт=4 

[3] Csoo = 10 

[4] Сѕо = 10 

[5] Үвс-2 

[6] rg =umax*Cs*Cc/(Km+Cs) 
[7] rs=-Ysc*rg 

[8] V=5000 

[9] vo = 1000 

[10] D=vo/V 

[11] X=1-Cs/Csoo 
[12] Ссо = 4.33 


Са = 4.33 g/dm? Х = 0.867 


4 
5 


Са = 1.33 g/dm? Сы = ҮрсСсі =0.866 g/dm? 


Бог 279 С5ТЕ, D(Co EE Са) = г, 


D(C;, -C; ) => 


See Polymath program P7-18-c-2cstr.pol. 


POLYMATH Results 
NLES Solution 
Variable .. Value £(x) 
Cc 4.9334151 3.004E-10 
Cs 0.1261699 6.008Е-10 
umax 0.8 
Km 4 
Csoo 10 
Csi 1.333 


Ini Guess 
4 
5 
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= 


Ysc 2 


rg 0.120683 
rs -0.241366 
V 5000 

vo 1000 

D 0.2 

x 0.987383 
Cel 4.33 


NLES Report (safenewt) 


Nonlinear equations 
(11 f(Cc) = D'(Cc-Cc1)-rg = 0 
[2] f(Cs) = D*(Cs1-Cs)+rs = 0 


Explicit equations 
[1] штах = 0.8 

[2] Km=4 

3] Csoo = 10 

4] Cs1 = 1.333 

5] Үзс-2 

6] rg =umax*Cs*Cc/(Km+Cs) 
[7] rs =-Ysc*rg 

[81 М = 5000 

[9] мо = 1000 

[10] О = мом 

[11] X= 1-Cs/Csoo 

[12] Ссі = 4.33 


Сс» = 4.933 g/dm? X = 0.987 
Cs; = 1.26 g/dm? Сы = ҮрсСсі =0.9866 g/dm? 
Р7-18 (а) 


For washout dilution rate, Сс = 0 


-1 3 
25 Му сабо O ава 


™ Ky + Со Agldm 410g/dm 


шоог —— 
Р МАХ prop = Himax 1– |- | = 0.8hr |1– c Е 2037hr 
К +С 4р/ат” +108 /dm 


Production rate = Ccvo(24hr) = 4.85 g / dm? x1000dm?/hrx24hr = 116472.56g/day 


P7-18 (e) 
For batch reactor, 
ас ас 
V = 500401, — = г, 5ш, 
dt dt 
Ссо= 0.5 g/dm? Со = 10g/dm? 
КЕ 1 МЕ шах С, 
=r; = Кис r= ЛС 
Ku +С; 


See Polymath program P7-18-e.pol. 


POLYMATH Results 
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Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 6 6 

Сс 0.5 0.5 5.4291422 5.4291422 
Св 10 0.1417155 10 0.1417155 
Km 4 4 4 4 

Ysc 2 2 2 2 

umax 0.8 0.8 0.8 0.8 

rg 0.2857143 0.1486135 1.403203 0.1486135 
rs -0.5714286 -2.8064061 -0.2972271 -0.2972271 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] «Ссуай) = rg 
[2] d(Cs)/d(t) = rs 


Explicit equations as entered by the user 
[1] Km=4 
[2] Үзс-2 
ІЗІ итах = 0.8 
[4] rg = umax'Cs*Cc/(Km4Cs) 
[5] rs=-Ysc*rg 


For t = 6hrs, Cc = 5.43g/dm?. 
So we will have 3 cycle of (6--2)hrs each in 2 bach reactors of V = ‚ 500812. 
Product rate = Сс x no. of cycle x no. of reactors x У = 5.43 g/dm? x 3 x 2 х 500dm° 
= 16290g/day. 


P7-18 (g) Individualized solution 
P7-18 (f) Individualized solution 
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———— 


Fogler 7-19 Solution 
Problem Statement: 


Lactic acid is produced by a Lactobacillus species cultured in a CSTR. To increase the 
cell concentration and production rate, most of the cells in the reactor outlet are recycled 
to the CSTR, such that the cell concentration in the product stream is 10 90 of cell 
concentration in the reactor. Find the optimum dilution rate that will maximize the rate 
of lactic acid production in the reactor. How does this optimum dilution rate change if 
the exit cell concentration fraction is changed? [rp = (а и + B)Cc | 


Umax = 0.5 h-1, K, = 2.0 g/L, a = 02 g/g, C; = 50 g/L 
В = O.1g/g.h, Yxs = 0.2 g/g, Үр» = 0.3 g/g 
Solution: 


Cs,o = 50g/L 


A steady state material balance on the Bioreactor (including the recycle device) gives: 


Accumulation = inlet - outlet + generation 
Cells: 0 = 0 - D*0.1 * Cc + u*Cc (7.19.1) 
Substrate: 0 = D *Cso - D * Cs -u*Cc/Y xs — ТРГУ (7.19.2) 
Product: 0 = 0 -D*Cp + (7.19.3) 
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From equation (7.19.1): 


Н.С 01525: 
Ми —u-201*D > Сұ--------- 7.19.4 
Kk uc аже: ЖЕ. 
D*(C,,-C D*(C,,.-C 
From equation (7.19.2): С, = о = (Cs, 7 Cs) | 
и Out B 01*D a*0.*D«*B 
ros Lus E Tus 
(7.19.5) 
Rate of production — r; = (а u + В)Сс = 
0.1* D* К 
(a*0.1* D+ f) * D* (С 
M Ор 7.19.6 
0.31*D а*01*р+ В и 
4 ————————— 
I ys us 


Differentiating equation (7.19.6) w.r.t. the dilution rate D, one can determine the optimum 
dilution rate that will maximize the rate of production. 


For the given parameter values in the problem statement, the substrate and cell 
concentrations and the rate of lactic acid production can be calculated from the above 
equations and plotted versus the dilution rate. The optimum dilution rate = 3.765 hrt. 


Recycle CSTR - Fogler 7-19 : 

80 - 
70 - — 
60 
50 
40 —— Substrate conc 
30 —— Cell Conc 
20 : 
Марр е 

0 22 шинэ 1 

0 1 2 3 4 5 


| E u Dilution Rate, ЫГ Ей | Ш | 


7-4За 


€ À— MÀ 


X; + S -> More X; + Р, 
X, + X > More X; + P; 


For CSTR, 
dC | ас, ; 
a = Кс. -С; )- Ү;,х Fax, = = р(- Cy, E rx T У ix, Fx, 
асу, 
| а = р(- Cx, E Ғұх, 
Ғұх, т MCy, ба z Су, 


See Polymath program P7-20-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


ее ALL И з-т-5-- ст 
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КЕБЕК 


Св 10 
Сх1 25 
Сх2 7 
Kmi 10 
Km2 10 
ulmax 0.5 
u2max 0.11 
rgx1 6.25 
rgx2 0.55 
Үх15 0.14 
Үвх1 7.1428571 
Үх2х1 0.5 
Үх1х2 2 
Сво 250 
р 0.04 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(Cs)/d(t) = D*(Cso-Cs)-Ysx1*rgx1 
[2] «Сх1уай) = D*(-Cx1)+1gx1-Yx1x2*rgx2 


[3] d(Cx2)/d(t) = D(-Cx2)«rgx2 


1.2366496 
25 

7 

10 


0.5 

0.11 
1.4008218 
0.55 

0.14 
7.1428571 
0 

2 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 


Km1 = 10 
Km2 = 10 
и1тах = 0.5 
игтах = 0.11 


rgx1 = uimax*Cs*Ox1/(Km1-Cs) 
rgx2 = u2max*Cx1*Cx2/(Km2+Cx1) 


Ух15 = 0.14 

Үзх1 = 1/Yx1s 

Үх2х1 =0.5 
Үх1х2 = 1/Үх2х1 


Сво = 250 
D = 0.04 


10 
25.791753 
7.2791882 
10 

10 

.5 

.11 

.25 
.5748833 
.14 
.1428571 
25 


0 
0 
6 
0 
0 
7 
0 
2 


250 
0.04 


7.30 


7.24 


7.18 


7.12 


7.06 


7.00 
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1.2366496 
25.456756 
7.2791882 
10 

10 

.5 

.11 
.4008218 
.5748833 
.14 
.1428571 
.5 


мољмјоонмн ово 


250 
0.04 


1.0 n , 0.550 
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0,8 1.0 


Р7-20 (b) When we increase D, Cs increases, Cx, decreases, and Cy; has very little decrease. 


P7-20 (c) When Cso decreased, Cs and Cx; both decreases, Cx? has no noticeable change. 
When Са increased, Cy, increases, Cy; has no noticeable change for large t 


P7-20 (d) Individualized solution 
P7-20 (e) Individualized solution 


P7-21 (a and b) 


Run #1 No Yeast Extract 
#2 Yeast Extract 


The percent volume of the growth product #55 collected above the broth was reported as а 
funcion of time: 


cell + numient -> more cells + product 


ба ШР ай — 


! « | - 
| “ | 
5 “ ! 
к. 227 | * 1 
= 2 | 
(a and b) z ! # | 
È 40> » і 
eh 2 | 
Cx = Схоей( ы) == i % | 
8) " A Ф 
or Сх = Cyg et e Hiu о s E | 
. | 
curve fit exponential curve: А | antt —— ———— А | | 
0.00 10? 5.90 10° 100 10! 1.50 10" 2,00 10° 2.50 19° 
X = А ек time (hr) 
| 
i 
i 
7-46 | 


where А = Суре % 


Run 1 (between 15, 20, 30 hrs) Run 2 (points 10, 15, 20 hrs) 


max = 02125 hr! Umax = 0.3124 hr“! 

А = 7492.6 А = 55717 
2.7 x 10° 

tog = ln 22 00. = 0.21252 
Р7-21 (с) 

Stationary 

Ustationary between 
Time 45 to 55 25 to 15 
length of ume 101г 20 hr 


P7-21 (d) Production starts at the end of the exponential (for both runs) 


P7-21 (e) 
SES = D (Coo - Ce) + Сс = 0 


D(Cco- Cc) + иСс = 0 Cc = 0 
-DCc*pgCc = 0 
Сс = 0 or D = p wash out occurs when D > Идэх 


P7-21 (f) Individualized solution 
Р7-21 (2) Individualized solution 


P7-22 (a) 
Pm = {Сс Е Cc) + Га № тах = 1.5 ЇГ a 
Cs, = Ссо = 0.5 g/dm? 
ёс si бе. еб К; = 50 gdm? 
i Ks = 1 g/dm? 
О = -DCe +r, D = 075 
Са = 30 ус = 0.08 
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UR 


oce 2 Саа | и 
S h + Ён 
\Ks 3 Ky ! 


50: yax Cc | by definition 


"NL ЖЕЛЕЛЕР. 2019 
ys шіт ш 12.5 
Ух = ух oR 
_ Сао“ Cs Со 
Се = у "135 
| Hmax Cs ^ ис 1 
Dos. рерин ан Ce = vos (Cso - Cs) 


pick Cs , caiculate D and Cc 
Cso = 30.0 р/т? 
Bus 20 8) 
1+ с (1 + 3 | 
For D = 0.876hr'! (Cs = 2.5р/4т), production rate is maximum 


P7-22 (c) 


Сс = (30.0 - C$) (0.08) 


Е се = OS 
2.50 10? 1 
1 
2.00 10? 4 
1.50 10? | 
1 о 
©) 1.00 10? 4 i 


4 
5.00 10774 


“8.00 1071 ере 


For D = 0.27hr! , Cc = 0 if Ceo = 0.5 в/п. 
For D = 0314hr'! , Cc = 0 if Coo = 0 g/dm’. 
And for maximum production rate, D = 0. 876hr !. 


P7-22 (d) 


For batch reactor, 
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C 
асс іт ас; --Yycr, <= А Cs Cc 


ф * dt 5 K, +C,(i+C,/ К,) 
See Polymath program P7-22-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 2 2 

Cc 0.5 0.5 2.9 2.9 

Cs 30 2.01E-07 30 2.01E-07 
Ki 50 50 50 50 

umax 1.5 1.5 1.5 1.5 

Ks 1 1 1 1 

кд 0.4591837 8.744E-07 2.9019168 8.744E-07 
Ycs 0.08 0.08 0.08 0.08 

Ysc 12.5 12::5 12.5 12.5 
rateS 5.7397959 1.093E-05 36.27396 1.093E-05 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Coyd(t) = rg 
[2] d(Cs)/d(t) = -Ysc*rg 


Explicit equations as entered by the user 
[1] Kiz 50 
[2] шпах- 1.5 
131 Ks=1 
[4] rg = umax*Cs*Cc/(Ks+Cs*(1+Cs/Ki)) 
[5] Yes = 0.08 
[6] Үзс = 1/Ycs 
[7] rateS = Ysc"rg 


30 ————— 
24 
18 


12 


0009. 04 08 {12 16 20 
P7-22 (e) 
For semi-batch reactor, 
4с; ES 2: 080650 
d * У й цаа ү 
C.C 
NEN. VLC NN V =V, vo 


г, = 
К,-С,(1-С,/ К,) 
See Polymath program P7-22-e.pol. 
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POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


E 0 0 

Сс 0.5 0.2329971 
Св 2 0.8327919 
Ki 50 50 

“о 50 50 

Мо 10 10 

V 10 10 

Csin 30 30 

umax 1.5 1.5 

Ks 1 1 

rg 0.487013 0.2329022 
Yes 0.08 0.08 

Ysc 12.5 12.5 
rateS 6.0876623 2.9112771 
мсе 5 5 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(Coyd(t) = rg-vo*Cc/V 
[2] d(Csyd(t) = -Ysc*rg+vo*(Csin-Cs)/V 


Explicit equations as entered by the user 
(11 К=50 
[2] мо = 50 
[3] Мо = 10 

[4] М = Мо+уо*ї 

51 Csin = 30 

[6] umax- 1.5 

[7] Ks=1 

8] rg = umax*Cs*Cc/(Ks+Cs*(1+Cs/Ki)) 
9] Yes = 0.08 

0] Уве = 1/Ycs 

1] rateS = Ysc*rg 

21 VCc = V*Cc 


кою ы 


24 


18 


12 


== ANN 


4.5 
2.2593341 
24.016878 
50 

50 

10 

235 

30 

1.5 

1 
2.2464622 
0.08 

12.5 
28.080778 
530.94351 


final value 


4.5 
2.2593341 
0.8327919 


1.5283423 
0.08 
12:5 
19.104279 
530.94351 


600 


480 


360 


240 


UA 
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qM 


Р7-22 (f) Individualized solution 
P7-22 (е) Individualized solution 


P7-23 (a) 


Fit the data to the equation: 


"S $-28 
1.22. т 
р | AM 
ERR m 
х 4 
„ә 
| pet 
55 : ad 
1-320 Т P4 
ада. | 
sac Б ИНОЕ ны наф С 
1.000 3.000 5.208 2.2с3 5.200 11-000 


P7-23 (b) 


Using this equation, solve for У са: 


Cem , 
5 Мая T D К, + Cs, 2 


With the given information Үс, = 0.099, therefore, Үс 15 equal to the inverse 
of that, 10,075. 


P7-24 No solution will be given. 


P7-25 No solution will be given 


P7-26 See Professional Reference Shelf 7.5 on the website for a sample solution. 


CDP7-A No solution will be given. 


CDP7-B 
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| 
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Given the followin: 


й 
б 
( 
Lx 
5 
и 
С 
€ 
Ü 


t+ ОС > ОГ + Ср 


| | тор = MEHEL 
with the following rate јаме: Сон" 


Active intermediates assumed to be HOC] and НОЇ. 
From table I, the first rule of thumb suggests: 


ki 
ОН” + НОСІ e» OCU Н:О, - = Kj Сон Снос Ка Coa: Cuo 
* k T 
К? 
ОН” + HOE €» ОГ+Н2О, -t2 = ko Сон: Сног - К 2 Cor Cro 
k 3 


The third rule of thumb suggests that the reverse reactions occur. А chain propagation step, 
р p 


involving the conversion of one intermediate into the other might це in both the reactions above. 


K3 
Г + HOC] -> НОГ+ СР, оз = k; Cr Снос 

This step makes the overall reaction sequence 1' + ОСІ: -> OU + СТ" possible: 

Е Yor ee: ak o Cy 30 7 545 26, o C uoi 

Рад m Р ЈЕ Cor Сны Ё. Cor Cmo "КС, Снос = 0 

k; C. r Снос =k, Cou Coi -k „© 


С, 0 ТЫ 
НОС] = --1)-13 = Кү Com Снос - Ка Сост Cio + Кз Cr Сноа = 0 
ог {ky Сон: + ks Сү] Сноа = ka Coc Cio ; Len Сноа = wig Н 


Как Cr Сост Cro . ЭГ 
ых Шы шшш ДЇЎ 15 close: withk: >> k 
К Сон о Ср | TS ы 


H 


Then: -rog 


KC.C.. КК 
ini Ту = ве where K = Más С Й 
С k 
“ОН? 1 


An alternative approach assumes that reaction | quickly attains equilibrium, then: 


La 
Then = ғ, = k; C, . Croa mj 


These two approaches are basically equivalent 


CDP7-C 
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Cs \ < 
(а) Assumptions: 


* Transter rate from bubble bulk to fluid interface is not rate Hrniting, 1.е., C; is 
the equilibrium oxygen сопсетитавоп. 
- System isar pseudo steady-state with regard to the particle size, i.e., particle 
growth is slow compared to oxygen wansfer. 
- Rate of oxygen consumption is directly proportional to the cell growth rate: 


го, = yc where yo, = vield of cells on oxygen] 


g ue 
mmole О» 


This implies that any oxygen utilization required to maintain the cells is negligible, 
and there is no significant metabolic product being synthesized. 


Oxygen balance: Ro, = ki ag (Ci - Cy) 
= ky ap Cc (C, - Cy) 


where: 
Кра = overall mass transfer resistance from the bubble to the bulk. 
ас = surface area per gram of cells 
k = mass transfer of cells оп Oz 
YO. = yield of cells on Oz 
Rearrange Ор balances: 
Ro, 
О C 
kay = CC, ау 
Ко, 
уд = Сь-С 2 
kc ас Cc dius (2) 
ус, Бо; „єс 
nkCc — ын (3) 


SL a шаш «45 |... „= 2 9) (4) 


Ro Юаь Сс|Ксас nk 


(1) When oxygen consumption by the cells is slow, the process is reaction rate limited, 


C; | y 
Thus T - Ї and: ша Қысы dis + Os. 
Ко. ka Сек 
(2) When oxygen consumption is much faster than mass transfer, the mass transfer 
becomes the limiting factor. Six Боинг 


7-53 


—— — o! 


(b) To increase the growth rate, you could: 
+ Increase Кү a, by increasing fermentor agitation. 
* Increase the concentration of cells (since this is an autocatalytic reaction) 
* Increase clump surface area and the effectiveness factor by decreasing the particle 
size (also by increasing fermentor agiation). 


(с) Вс = vo, Ќо, From equation (4), have: 
Ёс ла YO. | Em + 
С; ENT ky às 
= vo. Се Lee 
YOu “р 
сс 1 | 1 
Ts Ce esl Убу ас = [а 
NEST | Нас Ксас mk| ^ : 
Сс Ceo + [2 (|; У 1 Cc ^ 
Bore eee Реле те Үрээшэш- zm үр Са 
ki ар рт ас 2-1 Co СЭ? 


(d) Assumptions: 
* There is a constant number of particles 
* Each pellet is roughly spherical and has constant density. 


We do not know which resistances are controlling, so we know there are no reaction 
limitations, but may be either internal or external diffusion limitations. 


Real cep 


As particle growth increases, kc, ac and 1] will change as functions of the particle diameter. 


Thus need to find particle diameter as а function of Cc 


Сс = арс Vc where n = number concentration of particles (1/1) 
Ус = Egg к ; | 
6 PC z the density of the particles (g/l) 
3-2 Cc. Ve » 
Р xn рс С = particle volume 0) 
Internal diffusional resistance can be modeled as: 
Бе 
whe ш Qu d 
nk ыр 
External diffusional resistance with or without shear is: 
1 b 
eM mmo (Yo Qi te свео 
kc ac 4 “р 123 50254 


ENTE H 


Зр + ус, G2 Ssi 


“nn pe 


Dropping the primes and simplifying: 


1 
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3 


ii. 28 22 ~ ће] 
|: [PA * а Сс + az се“ | 4Сс = | yo, Ci dt 


9 


Сс- Ceo B vs 3 i 
TR qd (cd? саў) С? - COS} = yo, Cit 


(e) From part (c), we have: 


Ce- Coo, hd + Хо yy Co 


Кра Kc ac nk] Cop Үс! 


For a vigorously stirred fermentor, assume that fluid shear is sufficiently high, 
that transport to the edge of the Пос is negligible\): 


_—1... -› 0 


Kc ac 
The mass transfer resistance from air bubble to bulk liquid depends on the fermentor 
design, air flow rate, agitation rate and a number of other factors. For a 10 l laboratory 
scale fermentor, Кү a, was found to be ~ 1507 ны мэн during the growth phase of the 


fermentation. 2) 


Dividing through by Henry's low constant: 


иш 212722 


= 3.67х10:254 


Effectiveness factor: Microbial growth on multiple зибзтате5 (here oxygen and glucose) 


is typically modelled using Monod type kinetics: 


p (hr) = um [SJ ct) 


Rc = uCc 
By representing the reaction as first-order with respect to oxygen, we are essentially 
assuming а low oxygen сопсепџацоп, relative to the intrinsic rate parameter, Ko: 
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Ї 
се?” 
The mass transfer resistance from air bubble to bulk liquid depends on the fermentor 
design, air flow rate, agitation rate and a number of other factors. Fora 10 l laboratory 
scale fermentor, Ку ay was found to Бе ~ 150 аав during the growth phase of the 


fermentarion. 2 


Dividing through by Henry's low constant: 


ша, = (15012 Mele (0.88 :8882:1 56005 


= 3.67 x 10254 
Effectiveness factor: Microbial growth on multiple substrates (here oxygen and glucose) 
is typically modelled using Monod type kinetics: 


n hr) = ЛҮҮ 


Ес = Сс 
Ву represenüng the reaction as first-order with respect to oxygen, we are essentially 


assuming a low oxygen concentration, relative to the intrinsic rate parameter, Ко: 


For a first-order reaction, the effectiveness factor is: 


п = -2 {p cosh e - 1) 
т = 0.45 
Кеаспоп rate constant: 
Ка 32x 10-4802 80) 5 


Finally, assume an initial cell concentration of 0.25 g cell, the cel: concentration equauon 


now becomes: 


f g cell ] 
: зү са! | рс 
(Cc -0.25)94— | iS 205 | | 2 cellM., з £01 
Nen Sn MERE dn hene E | SONNEN REEL АТ. i = | 5 = SEA | UJ х 10 S 
567 х 10257 | uu 


27.25 (Ce - 0.25) + 12.8 In 4Сс = 00121 


Clearly, mass transfer from the gas to the liquid phase and internal diffusion play unportant 


roles in determining the cell growth rate. 


7-56 


нд nsn 


Cell mas vs time. Start at 025 g/l 


thr) Сс(еЙ) ат) Сс (аЛ) _ 
i 8 


0.25 11.15 

1.13 9 12.67 
2 2.37 10 14.21 
3 3.74 11 15.74 
4 5.17 12 17.28 
5 6.64 0.3 0.62 
6 8.13 1.5 1.72 
7 9.63 


From the graph it can be seen that growth starts out exponentially and becomes linear as the 
fermentation becomes limited by gas-liquid mass transfer. 


Sensitivity analysis: 
The gas-liquid mass transfer coefficient is related to the agitation rate to the 0.95 
power): kiap о N55 
What is the effect of increasing the agitation by 50%? 
па = Ка (1.5995) 


= (3.67 x 102) 5-1 (1.5095) 


= [5.39 x 10 2) 511 (see graph) 
Since cell growth has an exponential portion, another way to increase the growth rate 


would be to increase the innocuous size, Ссо. What happens when Ceg is quadrupled? 
Ссо = 10 Л (see graph) 


From the results shown in the graph, a relatively small increase in the agitation rate leads to 
a Significant increase in the cell growth rate, while an increase in innoculum size means thar 
the fermentation reaches a gas-liquid transfer-limited state more quickly, but the growth rate 


remains the same. 
Cell Mass vs Time 


fermentation 


14 - 
celi 
12 - 
mass А 
(g/l) 10 | ; кра = 3.67х 10251 
Cep = 0.25 gA 
8-4 ка = 539х 10253 
6-4 Ceo = 0.25 gh 
ка = 367х103 
4-4 Co = 1.0 8А 
2 — 
маг Дх th Word Wd. Ud 
2 4 а 8 10 12 14 


t (ho) 
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CDP7-D No solution will be given. 


шаг 


Since the denitrification follows Michaelis-Menton kinetics, first determine V max 


and Ка from Lineweaver Burk plot 


Ser NU ents ы" 
25 04 E" 357 2.800 
50 ‚02 38 .658 1.520 
75 013 44 .852 1.173 
100 ‚010 50 1.000 1.000 
200 (given) .005 66 (given) 1.515 0.660 


initial М Оо 1/2 2 _ 


rime for 50% тейисйоп 


where the rate of reaction is found by the ratio: 
3.0 ] 
2:5, 55 
min, \ 


(bg) 15 - 


ан ру VIDERE CEN қаға 
0.00 9.01 0.02 0.03 0.04 


— ppm 4 
[NO] i 
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* x 
Lineweaver Burk: 1 = = L+ where $ = (мол 


V max Vinax A 
From the plot, Vmax = m = 273 -| 
~ Ка = 165 ppm 


Next, need conversion as a function of time. 


Design equation: Ngo 52. = 5 У 
Rate Law: 15 = Кы 
Stoichiometry: $ = 59(1-Х) 
ine- 4Х ~ 3-5... 1 
Combining: 50 ES V max ра + Soli ТХ)| 


[ Ка. Ч 200-9 ax = Ууц | dt 


Km in |; 12)» +SoX = Уі 


Finally, Via t = 2 X - Ка In(1- X) 
Know Мах, Ка, 1 = 68 hrs = 4080 min 


So = 0. 25 || mel) [4 6-51 па [ви = 11,500 ррга 


Iteration to find the conversion obtained after 68 hrs gives: X = 0.930 
The[NO; level is: (1 - 0.930) (11,500 ppm) = 805 ppm 
Since t, Ка, and So are fixed by the system, the change must be made in Жас 


Sesi — = 1-200... = 056 
Desired conversion: X 11.500 9565 


 Desird Ура = $4200 62283) 162 Intl 9565). вз ppm. 
тип 


Since Vmax ФЕЈ, increasing the сопсептапоп of whole cells in the emulsion will increase 


Voas: (2,823) 50 1186915 22 тесе 
xa | 273 | ml emulsion ы ті emulsion ` 
Therefore, increasing the cell loading to 52 IE Cols would везане in a level of [МОЛ < 
ml emulsion 1 


500 ppm after 68 hours. 


CDP7-F No solution will be given. 
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CDP7-G 


Mole balances in a CSTR 


p 
2 ME. 
Ca ~ C; = -E 
D 
с = 
puce р 
the rate law аз given is: 
I 9h 
в * 
Р za 
К. + С; \ ы i 


> E 2 
Plugging those into POLYMATH and using different values of D and С, come up 
with the following: 
Using a volume of 200 dm’ and а cell concentration of 50, get the best production 
of the L-malic acid. 


ха Variable __ A e: 
— cs З.222е-1% 
Gis aan paN 3.277e-18 
cpstarsi.$9 D 
rpsvmax"cs;(kmecs)b*il cp/cpstar)*cc сс 
угтах 
Ет э Же ii 
cpstar 1.59 
гр 82.9171 


CDP7-H 


Michaelis-Menton Kinetics: 


NR 
ИМ 5; 
K, = 6.2x 10° шли =62% 
Vau = 56 I E = 40 mg 
mi- min 
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Моје Вајапсе: 


X тад Sh 
dt Ka Cy 
Е 2 14-02 
С» = Са -Х) = х=-————=0436 


Where C a is the percent of fish oil. 
For most oils: 


Сеа density с аура аб? тілі! 


MW 300 


02 y ^ t Le 3 
K, „+C V 5.6 x10 
мө 22-47 сс {Әх Ар | и 
= |- Lr dC = [ = «= R 
14 “789 о 71 0 


4 5.6x10? 
Зан Ч: A аша 02 тооц зөнөөөөөөөөөөөөөө, | 
= кың 44) ü ) = == 


6217) +1.2 Lin 7106 тїп = 118.4 hrs 
36x10 3/3 


1 
it 


CDPT-I No solution will be given. 


CDP7-J 
(a) No solution will be given, 
(5) 


у, = (1--р)р/"  w-jt-p)p^ 
x == ForX,-5: р=0.80 


X,-10: р=0.90 
Х,-20: р=095 
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· Use these equations to generate the desired graphs: 


y; ys. j for X, = 5, №, and 20 м) vs. j for X, = 5, 19, and 20 


D. D Sete edt mie ЕЕ a кн анна 080 


LI 
e энен мн оч» Хп-Ю 
~ Xnz20 | 


0.20 | 
" is | ыйыы MET | 0.50 


= ја | = 040 
0104! 


17 
EY 
pet 
LN 
| 


0.05 IN 
Шинь E Ee 0.00 


0.00 5---- 
0 20 40 


j 60 80 100 0 20 40 60 50 100 


P= M,(1~ рр =М,(1-—р)\р 

Use the above equation to generate a graph of P, vs. p: 
Pis vs. р 

0.005 


0.004 


—— | 


= 0.003 + ! | 


СООРУН 9 


0.002 4 


- 


Use these equations to generate graphs of y; and м, vs. ). 


y, vs. j for p = 0.80, 0.90, and 0.95 


w, vs. j for p = 0.80, 0.90, 0.95 
0.10 : ? P 


0.07 ұ----------------------- oe 
0.08 + й | | 
0.06 ЈЕНЕ Дд 

= d $ ` 
0.04 + 0.05 1 i 

_ 0.02 е 0.04 + \ 

> o Pi 1 
-0.02 B oy XN 

0.02 ii , 1 E i 
04 + Е: \ В Қы | 
0.06 - 001 E гд цан. | 
hs 4 Н ЗА м. s = 
4008 · ын 


2 

б\ 

m 
— ој 


(ФМ = 1, M, = 


M, = МА =M, P 


и, _[1+р\ 
Dae) 4 11 = =1+р 
т = р) 


We must find the value of p. 


8k; fL, E 
in DN NA БЭ ~ | | = ~0.067 
M, КЕ, "ү 2 
М = 2.803 
І, = I,,exp(—k,t) = (0.00 Dexp[(- 1.4 x 107)14,400)| 22.794 x 10? 
км 
p 102 = 0.99991 


k,M+k,M+k,C+kS+./2k,k, Pi КЊ) 


This can then be used to calculate the desired values: 


M, = i eos 1.155 x10* 
— 0.99991 


(e) Mole | of polystyrene of chain length 10 (у). 


L = L,exp(-k,t) 
вк? "pL уз ЕЯ - 
M = Мер) 227-8. СЕ 30 ) 3 ) 
| : kk, 2 
k,M 
papa- гээ 


k M Kk, M Fk + РКК, f(L) 
y, = (1- р)р"" n=10 


Use the above equations to plot y, vs.t:: 
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CDP7-K 


Reaction 


oa, азы n. 92 к. 
moz dem. 
Xy e т | 


~ ук, +), („м (к, Е КА » (k, + ka жу Riku МЕ, t K CR, + К,5К + ык,) 
Let 2n R =R 
E TT 


-n, k, ЕМ kM 


-— - -1 = 4 
: r+ КЕ (КМ ES ek) no ka 50, kil 
Xy IM ——À а жө 22120 + 

k, MR | 


р 


noko kS kil 
7 с, КМ k „М | 


М k, М k,M | 


pu i 


M | 
EUM ВИМЕ 
Li Бин d 
(5 


Be uke 
{c) From the above derivation we know that 


Ky к k kM kM 
Neglecting the solvent term and rearranging yields: 


1 Эс Ч + а +. X өлш A (- x) Ka. + ES 


X, о-ы К, КМ (ux) қ, КМ 


Substituting in for -ry and т, and simplifying: 
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Xi k,f(I ум A(- Ty) Key Кај 

кЦ2к, Ој) к, км 
ЗОРЭ. кб), Ка 213 
Х, КМ) ГЭ км 


(d) То determine rate > parameters experimentally from a CSTR both the final X, 
value and the final concentrations of M and 1 must be recorded. These data can be 
used in the above equation to find values for the parameters. 


(e) Ап increase in temperature would cause an increase in all three primary steps of 
free-radical polymerization (initiation, propagation, and termination). By looking at 
the overall rate law: 


it can be seem that the greatest effect of temperature would be on propagation. 
Overall, there would be an increase in monomer disappearance and an increase in 
polymerization. 


a) PFR 
dM 41, 
ем d Ubi? 
dt 2 
[2k Lf | 
robo гү 2, нэ | 
м = -k,M [2-2 г =-КЇ, | 
К, | 
Plug those into POL YMATH to get this graph. | 
Equations: initial value | 
а (за) /ditau) «rm 3 
dii)/dí(tau)b-eri 0.01 
Кр=1 P Variable Inicial value Maximum zalee Minimum value Бізді value 
kosie-3 саа a 39398 ü 73938 
т 3 E 2.17319 2 97223 
саа i 9.0: за: =.05171е-38 8.06ү716-14 
с=5е7 ҡә ЁС 12 16 10 
2 : ко 0.601 0.901 2.15: 59.2302 
ris-ko*i Е 9.5 9.5 05 E | 
rmeokp*mtsqrt(2*ko"i*z/Kt] кх $e«07 Seco беу? 86-07 | 
éit = б rk 16-08 -5 9813118-41 she SS -$.06171e-4; | 
тамы. жш, Май: = 79998 га -1.3418£e-09  -2.99158e-23 -1 341546-95) -2 991584 21 | 
| 
| 
| 
| 
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2202 -- Че ate: 
= | 
жалы. - Зэ 
х 2,952 | 3222 + 
4 а 
2.291 - шинэ Т 
: 5: 
2s E аса за 
29739 ~ 5 3.255 
iem CNW кш цэн 1I XT EM 
4% 
CSTR: ‚ ж 
М,-Мэ-г 77 замаг е llowi hs are 
5 : the following grapns 
The rate laws are the same so again using POLYMATH g grap 
generated. 
Мопатег vs space time CSTR Initiator Concentration vs Space Tima CSTR 
2 3р----------------- 
= eee 
& 29: “е. 0.2: qe РАИ баты, 2 ша 
= 28: UST. * * » = $ 009 > ! 
= 271 H 5 одов i i 
8 26+ З або? | 
825: € 2005 
9 24 | 8 00905: i 
823 H © 0004 ` 
5 22 [ { * 9.003 | ! 
2211 H * 2002 р D 
6 50000 100000 150000 240000 250900 300000 = Dot а А жм. УЧР ee ЧИНИ ен 
Там dis 3 90000 — 190000 150000 200000 250000 
Таң, 1/5 
Equations: Enitial value 
É (n) =m-mo-rm* tau 2:5 
Éíi)lbzi-io-ri*tau 0.021 
mozi 
cauzSell 
ioz.01 
Крз10 
kozle-3 
£2.58 
Қсшзе? 
riz-ko*i 
rq--kp*m*sqrt(2*ko*i*£/Kkt) 
b) For two CSTRs, the design equations change just a bit. 
+ 2 
М-М, ж-т, *— 1,-1, 2-4, *— 
7770 1 м, ж ži I. 
i 2 і и 2 
T T 
ee М ор Ж... des = ер Ж... 
M,e M, = — 1, 5 Da Ри пи > 


The гаје laws are the same with the exception that instead of just L or M, Lp fa 


М,, or M, are used depending on which reactor they came from and the following 
graphs are generated. 


7-66 


ее 


Шет. 


One CSTR уж Two CSTRS 


й | 
ж 1 
ја ! 
235: м > 
! *H H 
2 ! on : 
i Ue. Mg 
E T oe . п а i Lig 
3 кс» зш. | 
zas > * ы я 
6 | 
em — (€ —— 
a 59009 100600 150000 200000 250000 
T» 
c) Making k, bigger causes L, to decrease rani 
as much. Increasing k, causes M to decre 


Increasing k,, causes M not 


One CSTR vx Two CSTRs 


à 51 ж------ 
3.309 > 
а зоз > 
а 239: > 
5 E 
5990 | 
1 


= 
29505 + 


—— — | 


POT 

3 из 

2 0004 | | 13 
8 9003 | : 
ose © : 
қ i 
$201 : 
3 ! 
9 Жем И ызы. офа. 

a зовоо 100090 130000 200000 250000 


Tau we 


dly and M does not get formed 


ase slightly, but not by that much. 
to decrease by very much staying very close to 3. 


CDP7-M ко solution will be given 


CDP7-N 


ES. m R 
К, t M md AME > Кы 
= КМ 
а) Balance on I 
т = = -1 
k, MT 
I, 


Тіғжм 


ty = EMI + км к, 


Fi 


= = kjMI * k, M(I, - I) 
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ТЕЕ а 


Вајапсе оп МЇ: 


Я = 


= MI + tk, M(I, - I) Mj - М 
КМ. Tk Mte M) 

ж» AME Ex M,-M 

„М l+ tk, M 


=> 1,М +T М = (M, — Ms dM) 


=> 1 (1 + th, 1, ЈМ + (Lek I, ~ МОМ — M, =0 


24k (1+ cL) 


b) Tg = =k MI +k MR, 
Balance on R, 

peo R рар АМ | 
: oh MI + К „МЕ, (1+ te М) 
=i, = КМК, + КМК, 
Balance оп R, 


0-8, tk M 
Ф=——- 0-^ _ эн => R = R mew 5 ess | 
~k, MR, + МЕ, 7 1+ tk,M | 
Similarly, 


ltk M | 


Ti k, | tk M Y 


О pM k 3e ik M 
с) Initiation Rate constant k, < < k, propagation rate constant 
Hence, nearly no change in the concentration of Initiator (1). 


Mo 1 
lo 1 
ki 0.015 
kp 1000 


Ў 
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пни 
Џ 
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M/Mo & Мо 
oooooooono0 
озю онч б. 


ч ре Mis. 
<< lack M 


5 2 
= L к %M 
1 = jg па isi хийд ; Р 
^ DIR, = ТЕМЕ DIE 


| 
ке пума + (14 xk „| 


1+ tk, г. E ЇН tk, M | 


(ted th, M) 


| 


1 
E 4 L kë L kM 
А, = FR ш--- B ы d E cvs 
2= DES ИМЕ эр 


| „М | "" tk,M а 
ок МА 1+ vu, М) 


| 1- КМ 
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s 


ri Хізх) 
j=l | (1 —Җ y 
-(-а,мА2ж,М) 


э - = (+ м )| 


Шу = Е = ( + 21k М ) 


Ludi а аса 
д, ltk М 


CDP7-O 


a)With the reaction self catalyzed the mole balance and rate law becomes: 
а COOH 3 
- Aceon] = kK COOH) 


We can then get [COOH] as a function of time. The following graph shows both 
the given values of p and the calculated value as a function of time where 
_ OOH), -[COOH] 
[COOH]; 


—— ——————————— HA 


p vs time 


— ан + m с — Te ma фе датом an а em лж 
500 1000 1500 2000 
lime 


И appears to follow this above 500 min. 
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ви 


—————————À 


Б) The new mole balance and rate law is: 
во 1. ХЦСООНДОНН | 
[OH |= [COOH] 
COOHZCOO «H' 


PER Са | 


" [COOH] 
[соо је [a] 
[н' f = коон 
555 Acess] = kW COOH ЇР 


Solving for [COOH] as a function of time gives the following graph: 


p vs time 
MUN EAE ЭШЕ: ОЛ 4-- 
1000 1500 2000 
time 


It follows the data above 200 min. 


с) This mechanism сап be made to fit either rate law, depending on whether НА 
dissociates before or after the first reaction. 
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1+М ——ÀR, 


il k,l 
$ " = ОМ = (ЕМ 238 


dh, 


k,Mdt k 


БА 


40 = k, Mdt 


„Ме 
[4 | 
kh |68 е? G 0 


Дампил 
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———M À 


rmm tenete 


L+ M> R, 


Tc 2.45. — 
k,MI - k, MR, 


qom ——————€ 
КМК, ~ k,MR, 
148" e+ OF (ње +) 0407 (66 +k) 
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nt 


Fogler 7-24 Solution 
Problem Statement: 


In biotechnology industry, E. coli is grown aerobically to highest possible concentrations in 
batch or fed-batch reactors to maximize production of an intracellular protein product. To 
avoid substrate inhibition, glucose concentration in the initial culture medium is restricted to 
100 grams/liter in the initial charge of 80 liter culture medium in a 100 liter capacity 
bioreactor. After much of this glucose is consumed, a concentrated glucose feed (500 g/l) 
will be fed into the reactor at a constant volumetric feed rate of 1.0 liter/hour. When the 
dissolved oxygen concentration in the culture medium falls below a critical value of 0.5 
mg/liter, acetic acid is produced in a growth-associated mode with an o. of 0.1 g acet/g 
cellmass. The by-product acetic acid inhibits cell growth linearly, with the toxic 
concentration (no cell growth) at Ср“ of10 g/liter. Find the optimum volumetric flow rate 
that will maximize the overall rate of cell mass production when the bioreactor is filled up 
and if the feed is turned on after glucose falls below 10 g/l. Inoculum concentration islg 
cells/liter. 


Additional parameters: 
Umax = 1.2 hr", Кс-1.08Л ,Ko=1 mg/l, Y = 0.5 g/g, Үр = 0.3 8/8, dom = 1000 mg/g 


Oxygen mass transfer rate Кра = 500 їг”, Saturation oxygen concentration Со2*= 7.5 mg/liter 


Шы Cs Со, С, 
EL LM Жы чи (Ба О 
и [tant 581 а ё 


dC "e | 
T = К, «(С), x Со, )- Qo, ic"; Е 


Increase the value of mass transfer rate (up to 1000) or the saturation oxygen 
concentration (up to 40 mg/liter) to see if higher cell densities can be obtained in the fed- 
batch reacator. 


(a) list ways you can work this problem incorrectly. 
(b) How could you make this problem more difficult? 


(Contibuted by Prof. D. S. Kompala, University of Colorado) 


Solution: 


This problem is solved numerically in three parts, using the following equations on 
Berkeley Madonna package: 
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The first time period covers the simple batch culture, when glucose and dissolved oxygen 
are being consumed for cell growth. 


METHOD Stiff 


STARTTIME = 0 
STOPTIME = 3.4 
DT = 0.02 


INIT G =100 
INIT X = 1.0 
INIT О = 7.5 
INIT P=0 


mumax = 1.2 
KG= 1.0 
КО = 1.0 
Ух$ = 0.5 
Yps = 0.3 

а = 1000 
kLa = 1000 
alpha = 0 


ЗАТО = G/(KG4G) 
ЗАТО = ОККО+О) 
SATP = 1.0 - (P/10) 


тих = mumax * SATG*SATO*SATP*X 


d/dt(X) = тих 

d/dt(G) = - mux/Yxs 

d/dt(O) = kLa*(7.5 - О) - q*mux 
d/dt(P) = alpha*mux 


The numerical simulation results shown below identifies the time at which the dissolved 
oxygen concentration falls below the critical value of 0.5 mg/liter, triggering the 
formation of the by-product acetic acid. 


From the simulation results, we find that the dissolved oxygen concentration falls below 
the critical values of 0.5 mg/l at the batch culture time of 3.64 hours. At that time, the 
glucose concentration has fallen to 67.1 g/l and cell mass concentration has growth to 
17.45 g/l. The by-product acetic acid concentration remains zero through the early batch 
culture, as the dissolved oxygen concentration is above the critical level throughout this 
time. In the program above, the parameter alpha is set to zero to ensure that no acetic acid 
is produced. 
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In the second part of the batch culture, acetic acid is getting produced and glucose is still 


above its set point of 10 g/l, when the concentrated glucose feed is added to the 


bioreactor. 


7-16 | 


The program equations are given above slightly modified to change the alpha value to the 
given value of 0.1 g acetic acid/g g cell mass and integrated from the end of first part of 
batch culture. 


5 


Run 1:25 steps in 0 seconds 


бо 


55 6 
О TIME 


From the simulation results, we see that glucose concentration reaches the predetermined 

value of 10 g/l (for turning on the feed) at 7.65 hours of batch culture. At that time, the 

cell mass concentration has reached 41.02 g/l and the by-product acetic acid 

concentration has reached 2.85 g/l. Using these values as the initial conditions for the 

third part of culture, a glucose feed is added and the balance equations are therefore 

modified to include the dilution of all bioreactor contents with the fresh nutrient medium. | 
The modified program equations are shown below: | 
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даљ 


METHOD Stiff 


STARTTIME - 7.65 
STOPTIME - 209.5 
DT = 0.02 


INIT а =10.0364 
INIT X = 41.8957 
INIT О = 0.1978 
INIT P = 2.85834 
INIT V = 80 


mumax = 1.2 
KG - 1.0 
КО =1.0 
Үхѕ = 0.5 
Yps = 0.3 

а = 1000 
kLa = 1000 
а1рһа = 0.1 
vin = 0.1 


ЗАТО = G/(KG+G) 
SATO = ОККО+О) 
SATP = 1.0 - (P/10) 


mux = mumax * SATG*SATO*SATP*X 


d/dt(X) = тих - X*vin/V Е 
d/dt(G) = - mux/Yxs 4(vin/V)*(500 - С) | 
d/dt(O) = kLa*(7.5 - О) - q*mux 

d/dt(P) = alpha*mux - P*vin/V 

d/dt(V) = vin 


The constant value for vin, the volumetric feed rate can be systematically varied to find 
the highest cell mass concentration, when the reactor volume gets filled, i.e. becomes 100 
liters. Simulation results for different vin values are tabulated below: 


vin time, hrs Volume X cell concent 
0.05 407.8 100 87.53 

0.1 208 100 87.58 

0.2 107.7 100 87.6 

0.3 75.3 100 87.5 

0.4 57.4 100 87.3 
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0.5 47.7 100 87.5 
0.6 41 100 87.6 
0.7 36.2 100 87.5 


It is clear from these simulation results that volumetric feed rate does not make a strong 
difference in the final cell mass concentration. The time for filling up the reactor volume 
to 100 liter is of course strong affected by the volumetric feed rate 

It is expected if the Куа is smaller, then the acetic acid production will be higher. In that 
case, the volumetric feed rate will have a significant effect on the maximum cell mass 


concentration achieved in the fed batch reactor. 


These simulations nevertheless provide a useful introduction to the concepts of fed-batch 
culture. 
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Solutions for Chapter 8 – Steady-State Nonisothermal Reactor 


Design 
Р8-1 Individualized solution 
Р8-2 (a) Example 8-1 
For CSTR 
у _Бох___Хж 


tk tAe У RI 


Тек 1+Ae ИА 
One equation, two unknowns 
Adiabatic energy balance 


АНЬ, X 


Pa 
In two equations and two unknowns 
In Polymath form the solution 


1 где E/RT 
КХ)= Х уде ВТ 
£(T)=Tp E m 

“TA 


Enter X, A, E, R, Ср, , To and AHp, to find т and from that you can find V. 


P8-2 (b) Example 8-2 
Helium would have no effect on calculation 


W Error = (0 O-R) — 
-| Нь, * ^C» (T- Tr )] 


21270 «100 = 5.47% 


23,210 


P8-2 (c) Example 8-3 
(а) У-08ш 


See Polymath program P8-2-c.pol. 
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POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 0.8 0.8 

X 0 0 0.5403882 0.5403882 
Сао 9.3 9.3 9.3 9.3 

Fao 146.7 146.7 146.7 146.7 

T 340 340 363.39881 363.39881 
Kc 2.8783812 2.4595708 2.8783812 2.4595708 
k 8.5452686 8.5452686 38.191248 38.191248 
Xe 0.7421605 0.7109468 0.7421605 0.7109468 
ra -79.470998 -110.4184 -79.470998 -85.208593 
rate 79.470998 79.470998 110.4184 85.208593 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] Cao=9.3 
[2] Fao = .9*163 
ІЗІ T2 340+43.3*Х 
[4] Кс = 3.03*exp(-830.3*((T-333)/(T*333))) 
[5] k=31.1*exp(7906*(T-360)/(T*360)) 
[6] Хе = Кс/(1+Кс) 
[71 га = -К*Сао*(1-(1+1/Кс)*Х) 


[8] гае = -га 
РЕК 
Т 330 340 350 370 390 420 450 500 600 
X 0.26 0.54 0.68 0.66 0.65 0.62 0.59 0.55 0.48 
0.7 


0.2 


4399 384 438 . 492 546 600 


T CSTR has the same trend. 
P8-2 (d) Example 8-4 
Counter-Current: Guess T, at V = 0 to be 330 and it will give an entering coolant temperature of 310 
K. 
See Polymath program P8-2-d.pol. 
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POLYMATH Results 
No Title 08-17-2005, Кеу5 1 233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 5 5 

X 0 0 0.7797801 0.7797801 
T 310 310 344.71423 310.83085 
Ta 330.7 310.16835 335.79958 310.16835 
Cao 9.3 9.3 9.3 9.3 

Бао 14.67 14.67 14.67 14.67 

Kc 3.6518653 2.7812058 3.6518653 3.6255777 
k 0.9004084 0.9004084 11.763976 0.9639302 
Xe 0.7850325 0.7355341 0.7850325 0.7838108 
ra -8.3737978 -27.114595 -0.0460999 -0.0460999 
dHrx -6900 -6900 -6900 -6900 

Ua 5000 5000 5000 5000 

Cpo 159 159 159 159 

rate 8.3737978 0.0460999 27.114595 0.0460999 
m 50 50 50 50 

Cpc 75 75 75 75 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(X)/d(V) = -ra/Fao 

21 d(T)/d(V) = ((ra*dHrx)-Ua*(T-Ta))/Cpo/Fao 
[31 d(Ta)/d(V) = -Ua*(T-Ta/m/Cpc 


Explicit equations as entered by the user 

[1] Сао = 9.3 

[2] Fao = .9*163*.1 

(31 Kc = 3.03*exp(-830.3*((T-333)/(T*330))) 

[4] k= 31.1*exp(7906*(T-360)/(T*360)) 

[5] Хе = Ко/(1+Кс) 

[6] та=-К*Сао*(1-(1+1/Кс)*Х) 

[7] dHrx = -6900 

[8] Ua = 5000 

[9] Сро = 159 

[10] rate = “а 
1 
1 


1] т==50 


Р8-2 (е) Ехатрје 8-5 


At V = 0, T, = 995.15 and gives a counter current entering temperature of 1250 К. 


See Polymath program P8-2-e.pol. 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 0.001 0.001 

X 0 0 0.3512403 0.3512403 
T 1035 972.39417 1035 1034.4748 
Ta 995.15 986.00676 1249.999 1249.999 
Fao 0.0376 0.0376 0.0376 0.0376 
Cpa 163 163 163 163 

delCp -9 -9 =9 -9 

Cao 18.8 18.8 18.8 18.8 

To 1035 1035 1035 1035 


eH e MÀ 


dHrx 7.414Е+04 7.414Е+04 7.47Е-04 
та -67.304 -67.304 -6.3363798 
Ua 1.65Е+04 1.65Е+04 1.65Е+04 
тас 0.111 0.111 0.111 
Срс 34.5 34.5 34.5 


ODE Report (RKF45) 


Differential equations as entered by the user 

[1] d(X)/d(V) = -ra/Fao 
[2] (Туа) = (Ua*(Ta-T)+ra*dHrx)/(Fao*(Cpa+X*delCp)) 
31 d(Tayd(V) = -Ua*(T-Ta/mc/Cpc 


Explicit equations as entered by the user 
[1] Еао = .0376 

[2] Сра = 163 

31 delCp =-9 

4] Сао = 18.8 

[5] То = 1035 

61 dHrx = 80770+delCp*(T-298) 

7] га=-Сао*3.58*ехр(34222*(1/То-1/Т))*(1-Х)*(То/Т)/(1+Х) 
81 Ча = 16500 

[9] тс-.111 

[10] Срс = 34.5 


(p Р8-2 (f) Example 8-6 
Energy balance will remain the same 
Xgg -2x10 7 (T- 300) 


for 2А — 2B 
Mo X 
СА (-Xy 
X 2 ХК! 
° 144К, 
~ 
\ 
M 2nd Order 


1st Order 


(o P8-2 (g) Example 8-7 


84 


7.414Е+04 

-31.792345 
1.65Е+04 
0.111 
34.5 


——————— 


Both X, and Xgg will change. The slope of energy balance will decrease by a factor of 3. 


aes 


T 
Also X, will be more temperature sensitive 


АНЬ, (1 1 
K, =K, р ——-— 
„=K, epte 1-1) 


The dotted line in the plot below shows an increase in -АНвх 


(d Р8-2 (ћ) Example 8-8 
(1) Cao will decrease but this will have no effect 
(2 twill decrease 


401.1 ft? 
ШЕТ 
466.1 82/5 


(3) Іп the energy balance the slope of the energy balance of X vs. Т will be greater 
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MÀ 


X0,C,, = 35+ (18.65)18)+4 x (1.671 9.5)= 35 + 335.1 +130.2 


BTU 
kmol°R 


=501 


Basecase 


= = = Change ОМ 
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Less Conversions 


Р8-2 (i) Example 8-9 
Change Ср = 29 and -AH = 38700 


POLYMATH Results 
NLES Solution 


Variable | Value .. f(x) Ini Guess 
Х 0.7109354 2.444E-11 0.367 

T 593.6885 1.2Е-09 564 

tau 0.1229 

A 1.696Е+13 
Е 3.24Е+04 
R 1.987 

k 20.01167 


NLES Report (safenewt) 


Nonlinear equations 
21 ҚТ) = X-tau*k/(1+tau*k) = 0 


Explicit equations 

11 tau = 0.1229 

[2] А= 16.96*10^12 
3) E = 32400 

4] R=1.987 

151 k= A*exp(-E/(R*T)) 


Vary the heat exchanger area to find the effect on conversion. 


P8-2 (j) 
a = 1.05 dm? 
See Polymath program P8-2-j.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 
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1] f(X) = X-(397.3*(T-535)+92.9*(T-545))/(38700+7*(T-528)) = 0 


пина 


Variable initial value minimal value maximal value final value 


V 0 0 1 1 

Еа 100 2.738Е-06 100 2.738Е-06 
Fb 0 0 55.04326 55.04326 
Ес 0 0 22.478369 22.478369 
т 423 423 812.19122 722.08816 
У 1 0.3120454 1 0.3120454 
kla 482.8247 482.8247 4.484Е+04 2.426Е+04 
k2a 553.05566 553.05566 1.48Е-07 3.716Е+06 
Cto 0.1 0.1 0.1 0.1 

Ft 100 77.521631 100 77.521631 
То 423 423 423 423 

Са 0.1 2.069Е-09 0.1 2.069Е-09 
Ср 0 0 0.0415941 0.0415941 
Сс 0 0 0.016986 0.016986 
rla -48.28247 -373.39077 -5.019E-05 -5.019Е-05 
r2a -5.5305566 -848.11153 -1.591E-11 -1.591Е-11 
Fto 100 100 100 100 

alpha 1.05 1.05 1.05 1.05 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Fa)/d(V) = г1а+г2а 
121 d(Fb)/d(V) =-rla 
[3] d(Foyd(V) = -r2a/2 
(41 d(T)/d(V) = (4000*(373-T)«(-r1a)*20000--(-r2a)*60000)/(90*Fa490*Fb--180*Fc) 
[5] d(y)/d(V) = -alpha/2/y*(Ft/Fto) 


Explicit equations as entered by the user 
[1] kta = 10*exp(4000*(1/300-1/T)) 
[2] k2a = 0.09*exp(9000*(1/300-1/T)) 
[3] Cto=0.1 
[4] Ft=Fa+Fb+Fe 
[5] То= 423 
[6] Ca=Cto*(Fa/Ft)*(To/T) 

[7] Cb = Cto*(Fb/Ft)*(To/T) 
[8] Сс = Cto*(Fe/Ft)*(To/T) 
[9] rlaz-kta*Ca 

[10] r2a = -к2а*Са^2 

[11] Но = 100 

[12] alpha = 1.05 


(е) Р8-2 (К) Example 8-11 
Vary UA 
ОА = 70,000 J/m? eseK 
only the lower steady state exists at T = 318 К Sgc =0.05 
ОА = 60,000 J/m? eseK 
only three steady states exist T = 318, 380 (about) and 408 (about) depending how you read the 
intersection on the graph. 
UA = 700 J/m? eseK 
only three steady states T = 300 (about), T = 350 (about) and one are a very high temperature off the 
scale of the R (T) and G(T) plot. 
In all cases Spc remains low at 0.05, meaning that the reaction has neared completion to form 


species C therefore reactor is too large. 


Vary Т, 
To = 275, very little effect. 


Vary t | 
т = 0.001 only the lower steady state at T = 316 about and other off scale Sac = 0.05 


z = 0.0001 only are steady state at T = 316 and others off scale Spc = 0.05 
т = 0.00001, Spe = 5 
However, the upper steady state is off the graph and needs to be studied 


( P8-2 (D) Example PRS P8-4.1 


dp Po, ШЕШЕ 2 
pA |= 
dpPo, ((/2)(2) 
No effect for turbulent flow if both dp and P changed at the same time. 


Q5 =O 


Р8-2 (m) Example T8-3 
m, = 200 g/s 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


W 0 0 4500 4500 

та 320 320 334.77131 334.77131 
У 1 0.3044056 1 0.3044056 
т 330 330 385.31436 338.18498 
X 0 0 0.5645069 0.5645069 
alpha 2.0E-04 2.0Е-04 2.0Е-04 2.0Е-04 
то 350 350 350 350 

Uarho 0.5 0.5 0.5 0.5 

Mc 200 200 200 200 

Cpmc 18 18 18 18 

Hr -2.0Е+04 -2.0Е+04 -2.0Е+04 -2.0Е-04 
Бао 5 5 5 5 

thetal 1 1 1 1 

CpI 40 40 40 40 

СРА 20 20 20 20 

thetaB E 1 1 1 

CpB 20 20 20 20 

Cto 0.3 0.3 0.3 0.3 

Ea 2.5Е+04 2.5Е+04 2.5Е+04 2.5Е+04 
Kc 66.01082 0.8247864 66.01082 31.551036 
ka 0.046809 0.046809 11.205249 0.1177827 
yao 0.3333333 0.3333333 0.3333333 0.3333333 
xe 0.8024634 0.3122841 0.8024634 0.7374305 
Cao 0.1 0.1 0.1 0.1 

sumcp 80 80 80 80 

Ca 0.1060606 0.0137198 0.1060606 0.0137198 
Cb 0.1060606 0.0137198 0.1060606 0.0137198 
Cc 0 0 0.0724316 0.0355685 
ra -5.265E-04 -0.0143957 -1.745E-05 -1.745E-05 
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E 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
111 d(TaYd(W) = Чато*(Т-Та)/(Мс*Сртс) 
[21 d(y/d(W) = -alpha/2*(T/To)/y 
ІЗІ «(Туа му) = (Uarho*(Ta-T)+(-ra)*(-Hr))/(Fao*sumep) 
(41 d(X)/d(W) = -ra/Fao 


Explicit equations as entered by the user 

1] alpha = .0002 

2] То = 350 

31 Џато = 0.5 

[4] Ме = 200 

[5] Сртс = 18 

6] Нг= -20000 

7] Fao=5 

8] Теја! = 1 

[9] Ср!=40 

[10] СрА-20 

[11] thetaB = 1 

[12] СрВ-20 

[13] Ctoz 0.3 

[14] Ea = 25000 

[15] Кс = 1000*(exp(Hr/1.987*(1/303-1/T))) 
[16] Ка = .004*exp(Ea/1.987*(1/310-1/T)) 
[17] yao = 1/(1+thetaB+thetal) 

[18] хе-Кс/0.5/(2-Кс/0.5) 

[19] Сао = уао*Сіо 

[20] sumop = (thetal*Cpl+CpA+thetaB*CpB) 
[21] Са = Cao*(1-X)*y*To/T 

[22] Cb = Сао*(1-Х)*у*То/Т 

[23] Се = Cao*2*X*y*To/T 

[24] raz-ka*(Ca*Cb-Cc^2/Kc) 


Р8-2 (n) 

(1) The concentration of A near the wall is lower than in the center because the velocity profile is 
parabolic. This means near the walls the velocity is much lower and therefore the time space near 
the wall is much larger than in the center. This means the reaction has longer to take place and 
conversion will be higher near the wall. Thus the concentration is lower. 


Below is the FEMLAB solution. 
1. Parameters in simulation on the tubular reactor from Example 8-12 (First Order reaction): 


Reaction: А+В— C 
A- propylene oxide; B- water; C- propylene glycol 


(1) operating parameters 
Reactants 
€ Feedrate of A F45 = 0.1 mol/s 


ЕМ, _ 0.1x58.1x10? 
830 


© Inlet flow rate of A у, = =7х10 m/s 


A 


aeneo tee ale SR epus tette as 


e Inlet flowrate of B v4, = 2.5x2Xv4, = 35x10 * m/s 
e Inlet total flowrate У, = 27,0 + Уве = 14x10 +35x10° = 49x10? m/s 
F 0.1 
e Inlet concentration of A С, =— = — —, = 2040.8 mol/m? 
v, 49x10 

26 
Fo _ Уводв _ | х1000 _ = 39682.5 mol/m? 
vo Му 18Х107 x49x107 
e Inlet temperature of the reactant T, =312К 


Coolant flowrate, ту = 0.01 kg/s 
Inlet temperature of the coolant, Тао = 298 К 


@ Inlet concentration of B C, = 


(2) properties of reactants 

e Heat of reaction, АНь,, dHrx = -525676+286098+154911.6=-84666.4 J/mol 
e Activation energy, E = 75362 J/mol 

e Pre-exponential factor, A = 16.96x1012 /3600 1/5 

e Specific reaction rate kọ = 1.28/3600 1% @300K 


0 

e Gas constant, К = 8.314 J/mol K 

e Rate law —r, = КС, 

e Thermal conductivity of the reaction mixture, ke = 0.559 W/mK 
e Average density of the reaction mixture, p, rho = 1000 kg/m’ 

e Heat capacity of the reaction mixture, Cp = 4180 J/kg-K 

e Diffusivity of all species, Diff = 10? m/s 


Е 1 1 Е 
e Reaction rate k =k, expl —(— -— ‚ К = Аехр - — 
1 0 T J or | = 


(3) properties of coolant 
e Overall heat transfer coefficient, 07, = 1300 J/m*s:-K 
e Heat capacity of the coolant, Ср; = 4180 J/kg-K 


2. Size of the Tubular Reactor 
e Reactor radius, Ra = 0.1 m 
e Reactor length, L = 1.0m 


2. Femlab screen shots 
(1) Domain 


Е] Axis equal 


РЕЙ o5 pphilimls oem 


(2) Constants and scalar expressions 
- Constants 


(3) Subdomain Settings 

- Physics 

(mass balance) 

p Equation — 


LSCDVcA*cAu) =R, СА = concentration 


Subdomain selection 


DO: e је g 

@)Disotropic .. Di fusion coefficient 

Сур anisotropic: fusion Coefficient | 
action rete 

E] Select by group 

t [v] Active in this domain 
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делетион 


(Energy balance) 


; Equation 
| КУТ + Shy 97 G- РС us VT, Те tempereture 


Subdomain selection у: i m 5 lement: 


-Thermal properties and heat sources/sinks ^ 77777: 


Quantity Valuexpression Description 
8, a 77] Time-scaling coefficient 


Library material | ЕТеФ: 


(S к (isotropic) 


{© k (anisotropic) ` 


| E} select by group 


i [A Active in this domain | 
(Cooling Jacket) 
Equation "е: ee Е ER 
[Wer =F 


үсте урођена еони ПРЕНИО 
| | Coefficients | Init | Element | Weak | 
PDE coéfficients сс oou vU ВИ И 


» Subdomain selection 


| Coefficient - Value/Expression Description 


F | 0 | Flux vector 


| 
| 
| 
i 
i 
| 


| | Е 1 Source term 
| Га, СО Mass coefficient. | 


| 
|| 
ES 


| [7] Select by group 


| | | | 
| | | 
| [v] Active inthis domain | | 


cine sn озона ван за as ево раљама ши cad 


(Source Term) 
Е = Taz-2*pi*Ra*Uk*(T-Ta)/(CpJ*mJ) 


- Initial values 

(Mass balance) cA(t0) = cAO 
(Energy Balance) T(t0) = ТО 
(Cooling Jacket) Ta(t0) = Тао 


- Boundary Conditions 
@ r = 0, Axial symmetry 
@ inlet, cA = cAO (for mass balance) 
T = TO (for energy balance) 
@ outlet, Convective flux 
Q wall, Insulation/Symmetry (for mass balance) 
40 = -Uk*(T-Ta0) (for energy balance) 
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————— р 


(4) Results 


8-2(n First order reaction.fl 


-0.05 


ею Multphyscs в 
Я эры RRA о 9 


—(——— ырым класын 


1324 374. 


[320 423 


1316 571 
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Second order reaction 
[1] Domain 


Г] Axis equal 


(1-2 limits: 


[2] Constants & Scalar expressions 
(1) Constants 


' Expression... 


(2) Scalar expressions 


; p phi limits 


Name... Expression. .. 


je orem 


D'un (d-rRa)^2) | 


FAOK 


си ntn 
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—————M 


—Ó———ÁM ене 


ispum а алы ады 


[3] Subdomain Settings 
(1) Physics 
(Mass balance) 


син ааа 


| 523 DVA БАМ! В,СА = conceitislion. 


(Energy balance) 


Ч Physics [mit | Element} 
«Thermal properties and heat sources/sinks: 


Tine-scaing coefficient 
= Шу : 


женл ама yi ipit tu E) : 
‘Species diffusion inactive — 


LL Artificial Diffusion... | 
и. 


(Cooling Jacket) 


(Source Term) 
Е = Taz-2*pi*Ra*Uk*(T-Ta)/(Cp]*mJ) 


8-16 


пре 


(2) Initial values 

(Mass balance) cA(t0) = САО 
(Energy Balance) T(t0) = ТО 
(Cooling Jacket) Ta(t0) = Тао 


(3) Boundary Values 
@ r = 0, Axial symmetry 
@ inlet, cA = сАО (for mass balance) 


T=TO (for energy balance) 


@ outlet, Convective flux 
@ wall, Insulation/Symmetry (for mass balance) 


40 = -ОК*(Т-Та0) (for energy balance) 


[4] Results 


ми; 81 735 


|Метогу: (28832) 
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(Temperature, T) 


M D UE Ори 


tion and Conduction (EnergyBalance 


Р8-4 
Find the reactor temperature at steady state (prior to shutdown) 
Let M = mass of the NH4NO3 in reactor. 
Едо = lbs/hr of NH4NO3 fed to the reactor. 
Mass balance: Fio — Faol- X) =—r,V = КМ 
_ КОМ 
F 40 


X 


Energy Balance: 

-Е, ӨН, - НТ) + СЕ ХАН у (1) + Еб 4 – X)AH,, = 0 

Where H;(T) is the enthalpy of i at the temperature of the reaction, AH,, is the heat of vaporization 
of A, and АН „„(Т) is the heat of reaction at the outlet temperature. 
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NH,NO(I) > 2Н,0(8) + №,0(8) 
А->2В-С 
The last term Ғ,,(1- X)AH,, accounts for the unreacted NH4NOs, which exits as vapor rather than 


the liquid. Now, we can make some substitutions 
17 


6, EL =1,0.=0 
Heat capacity of А is given, and the enthalpy change for water 200? F(l) — 500?F(g)is also given. 
So, after dividing by FAo, we obtain 
Са (1 – 200) + 0,19 „(5009 F) +С, (T – 500) + AH pn X + (1– X)AH,, «0 
The previous equation assumes that the heat capacities are constant over a reasonable temperature 
range. 
the phase change NH ,NO(aq) > МН.МО( 1 isenthalpic. 


In addition, we must account for the effect of the temperature dependence of AH pw . 


AH, (T) = AH pe, (Tq) (T -T 5 С,-С,1-АН,, (1) + (I -Tr)AC, 


Let AH у = На (500) – H, (200) , we have 
Cp, (T – 200) - 0, (AH,, + Cps(T – 500) + ХАН, + AC, (Т – 500)1+(1- ХУАН у, =0 


or,TIC, + 6,C, H+ [-Cy4(200) + 9, (AH, –500С, )1+ X [AH „+ AC, (T –500)]+(1– ХЈАНу, = 0 


Numerical Substitution with 
K(560) = 5.03 and k(510) = .53 


ыы] 


k, RAT, 1, 
-1 
(8) 1_1| =44499 
К k (7, 1 P 
A, = k, exp( 2 ) =4.51424Х 10" 
ект) = 4: 
Btu 


С = SUE Cs = 466 
(Р = 1 atm over 450 - 500°Е Himmelblau) 
Bu 2. 
Coe 25217 (Himmelblau, App E, over 230-265°С) 


17 


pe! = 205 
82 
AH, =10342% оз 
ib 
paaa NLN, 
r 

AC, B 2521у+ 5% 7 466) – 38 =-.0316 2 

80.0 ЊЕ 


АН,,- с 
Substituting all these into the mass and energy balances: 


4.51x10" exp = 2 ји 
Т +459.67 


257.3 


Mass balance: X = 


Energy balance: 
0--.487 88.214 X (-320.20 –.037 ) + (1– X)(155.80 –.387) 


Assume X = .96 and М=500. Then, from mass balance, 


T 2510?F 
P8-5 
А+В 2С 
lb- теі | 
_ ћу 
Tio(F) - 
Сы, 25 
lb mole mole? F 
ES 
lb mol 
lb 
ғ 
АН, = 20, gi- == 
lb mol A 


Energy balance with work term included is: 
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2 _ x AH, -Y8C, 
“Fa 10 

О = ЏА(Т: - T) 
Substituting into energy balance, 
UA, -T) -W; -Fo AH pX ar = Ри Cut Cy 17-1] 
> UA; - T) -W, - FAH p = [Fs | Coa +С, ОАЦТ-1,| 
ЗАЙ, - T) -W, = „АН, 


7-1, 
Fol Coa + Cos |+ UA 
w, = 63525 214 
hr 
“Т =199°Е 
Р8-6 
А+В—С 
Since the feed is equimolar, Сло= Сво = .1 mols/dm? 
я Ca = Cao(1-X) 
Св = Сво(1-Х) 
Adiabatic: 
par, ХАНА) 


УФС, + ХАС, 
AC, = Cyc - С, -Cpa 230-15-15-0 


AH, (Т) =H, - H, — H, = -41000-(-15000-(-20000) = -6000 cal/mol A 


cal 


> ОС = С, өс =15+15=30— = 


Т = 300 + s -300--200Х 


=r, =k C, Х) -01к4-ХУ 
P8-6 (a) 
dX 
Virg = Fao f | 
-r, 


FoX 


Усяв 77 
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For ће РЕВ, Едо = Caovo = (12) = .2 mols/dm? 


See Polymath program P8-6-a.pol. 


| | [Variable] Initial. value и nal value |^ [Maximal va value. | Final al value| 
p~ —— —— dcin ноне = И S IAA AOE ЕЕ REN. | E хает уре ы —— 
1х 0 | 0 2 [065 uu 10.85 


ЕСУ: 2917 _ 


5T 300. 


е — —— —————  — 


k joo 001 


6 К 
Та 100001 | 00018041 


| 


2 1150375 - d 
- |-0.0001 


Differential equations 
1 d(V)/d(X) = -Бад / ra 


Explicit equations 

1 Саб = 1 

2 Fad = 22 

3 T = 300 + 200 * X 

4 k = .01*ехр((10000 / 2) * (1 / 300 - 1 / T)) 
5 га = -k * (CaO ^ 2) * ((1- X) ^ 2) 


V 2 308.2917dm? 


For the CSTR, 
X = .85, T = 300+(200)(85) = 470 K. 
К = 4.31 (Using T = 470K in the formula). 
-ra = .000971 mol/dm*/s 
у _ ЕХ _.1х2х.85 
= 9.71х10* 
The reason for this difference is that the temperature and hence the rate of reaction remains constant 
throughout the entire CSTR (equal to the outlet conditions), while for a PFR, the rate increases 
gradually with temperature from the inlet to the outlet, so the rate of increases with length. 


— =175 dm’ 


P8-6 (b) 


Т=Т,+ ХАН, ] 


“Уус, 
For boiling temp Өр 550 К, 
550 = То + 200 
To = 350K 
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a Б 


500 


460 


420 


380 


340 


0.00 300 


0 62 123 ү 185 246 308 0 62 123 ү 185 246 308 
Р8-6 (d) 
Е.Х 
А0 
Vestr = 
ғ 


For V = 500 dm’, Fao=.2 
– kCh- Xy = 01k(- Xy 
T = 300 + 200 X 
Now use Polymath to solve the non-linear equations. 


See Polymath program Р8-6-4-1.ро!. 


Calculated v values of NLE variables - 
| Variable | Value fOO Initial Guess 
at (14844136 0 | (480. | 
2х. 10.9220681 |-2.041E-09 0.9 | 


| _ Variable. маше | | 
alk 16.072856 | 
2 ra [0.003688 | 


Nonlinear equations 
КГ) = 300 + 200 *Х-Т=0 
2 f(X) = 500-.2*X/ra= 


Explicit equations 
1 k = .01 * exp(10000 / 1.98 * (1 / 300 - 1 / T)) 
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M 


| |Variable \ Value С 


2 та = 0.01 *К* (1-Х) ^2 
Непсе, Х = .922 апа Т = 484.41 К 


For ће conversion іп two CSTR's of 250 dm? each, 


For the first CSTR, using the earlier program and V = 250 dm, 


Calculated values of NLE variables 


—Мамаые Маше |f(x) [Initial Guess| 
476.482 |1.137E-13 |480. 


с ]oss241j-58035E-09]09 ———— 


H 
м. 4 


T = 
5.105278 | 
.0007059 | 


наые |у 
5 
[0 


Nonlinear equations 
1 КТ) = 300 + 200 ХХ -Т= 0 
2 КХ) = 250 - 2 ХХ / га= 0 


Explicit equations 
1 k = .01 * ехр(10000 / 1.98 * (1 / 300 - 1 / T)) 


2 га = 0.01 *k*(1-X)^2 


T = 476.48 ad X = .8824 
Hence, in the second reactor, 
Ею (ХХ) 


Vester = 


У, 
=> X =- БИ (-r)+ X, 
АО 


Т= Тш сув + 200(X — Х,) 
See Polymath program P8-6-d-2.pol. 


Calculated values of NLE variables 


| Variable Value |қх) u [Initial ¢ Guess | 

гс 0 480. | 

2 X o 10. 9693688 |- 1. 359E- 09 |0. 8824 _ | 
| Variable|Value - Ё 


% | 
[7.415252 | 
_ 16:958Е-05| 
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(OOo 


3X1 08824 | 


Nonlinear equations 
1 ҚТ) = 476.48 + 200 * (Х - X1) -Т= 0 
2 f(X) = 250 - .2 * (X-X1)/ra=0 


Explicit equations 
1 k = .01 * exp(10000 / 1.98 * (1 / 300 - 1/ T)) 
та = 0.01 *k*(1-X)^2 


Hence, final X = .9694 


Р8-6 (e) Individualized solution 
Р8-6 (f) Individualized solution 


———————————————————-—ү ————-———-—— 


Р8-7 (а) 


For reversible reaction, the rate law becomes 


=r; -fcc 
C 


K 


€ 


T =300+ 200 X 


k = k(300) ev[ 5 ЁО - 3) 


АН 1 1 
K.-K.(450)exp| —“| ——-— 
с с(450) 1 R (ж 1) 


Stoichiometry: 
Ce =СьХ 

С, = Со 1 –Х) 
C, =C- X) 


See Polymath program P8-7-a.pol. 


Calculated v values of DEQ variables | 
| Variable. Initial маме ‘Minimal value Maximal value | Final value) 


po 9 0 0m 
ANNE NACER 9 


(00050806 | 
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———— нент 


1301. 0161 _ 


Differential equations 
1 d(X)/d(V) = -ra / Fad 


Explicit equations 


Кс = 10% ехр(6000 / 2 * (1 / 450 - 1/ T)) 
k = .01 * exp((10000 / 2) * (1 / 300 - 1 / 1)) 
Саб = .1 

бга = -k * (Сао ^ 2) * (] - Х) 72 -Х / Кс) 
7 Хе = Kc/ (1 Kc) 


302.0 


P8-7 (b) 


н a. 


10.0 .0001033 


_ 
| 
1 
os d 
. [00108787 | 
o1 | 
= 
|0.2695332 | 


When heat exchanger is added, the energy balance can be written as 


ат бай,-Т)8(-г0| -АН,, (| 
av Fao o 8C, + АС,) 


So with AC, = 0, V ӨС, =30, АН, „= -6000 cal/mol 
ат _ Ua(T, -T)+(-r,)[6000] 


dV F,,(30) 
Where Ua = 20 са/ш /8/К, T, = 450 К 
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Бааша 


See Polymath program P8-7-b.pol. 


Calculated values of DEQ variables 


10. 


1463. 9974 | 


10.2 


7 Із. 616753 _ 


ЕЙ 586706 | 
1 


| ED 0258671 B 
|Хе (09090909 | 


ї 
i 
—————M— 


E 
о 


Differential equations 
1 d(X)/d(V) = -га / Еаб 
2 d(T)/d(V) = (UA * (Ta - T) + (-ra) * 6000) / 30 / Раб 


Explicit equations 


Kc = 10 * exp(6000 / 2 * (1/ 450- 1/ T)) 
k = .01 * exp((10000 / 2) * (1/ 300 - 1/ T)) 
га = -k*(Ca0^2)*((1-X)^2-X/Kc) 
Хе = Kc / (1 + Kc) 

ЏА = 10 

Та = 450 

А = 10 
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0. 571712 - 
К = 


10. 34614 | Е 
2. 737647 


|-0.0035089 - Ja 
ыг 
| 


122: 22765 | 


\0.9244008 = 
10. | 


Variable nitial valu (Minimal value Maximal value [Final value 


Jio. | 
0. 5717112_ 


4 452. 3087. | 


1 | 
[2 | 


| 
-0. 0035089 | 
| 
| 
| 


0. 9118643 


Р8-7 (с) 


For a co-current heat exchanger, 


Q- те „ (Та Е T | 
те рс 


Сус = Ical/g/K, Т,1=450 К, т= 50-8— 
sec 


Calculated values of DEQ variables 


Differential equations 
1 d(X)/d(V) = -ra / Бай 


2 (ТУУ) = (© + (-га) * 6000) / 30 / Fad 


[Variable] [Initial value Minimal value 


Maximal value | Final value! 


| 
o lo me 
is | = SE 
_ 1450. |450. 
E or 
102 102 
0102 [10. 
| 25 586706. Ор 586706 | 
| _ |%0.0258671 |-0.0281568 |-0.0034309 
пој |хе 222 |0.9090909 ^ po. 9090909 (09257347 | 
m lA o Ime uc 
12 та 40 (40. 450. | 
шоо oet 
Race ae 1а У 
|| Ж == ээ шонг 
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1. 
р 
| 


| -0.0 0034309 | 


" |10. | 
| jo. 575571 | 
Е |452. 5192 | 


|2. 751: 1765 


Explicit equations 
1 Ca0-.1 
2 Ра0 = .2 
| Кс = 10 * exp(6000 / 2 * (1 / 450 - 1 / T)) 
| Сре = =1 
К = .01 * ехр((10000 / 2) * (1 / 300 - 1/ T)) 
та = -k (Сад ^ 2) * ((1- Х) 7 2 - Х / Ко) 
7 Хе = Кс/ (1 + Kc) 
8 ША = 10 
9 Та = 450 
10 A = 10 
11 mc = 50 
12 О = mc * Cpe * (Ta - Т) * (1 - exp(-UA / mc / Срс)) 


470 1.0 
466 | 0.8 
462 0.6 
458 0.4 | 
454 | 02 
450 0.0 


Next increase the coolant flow rate and run the same program to compare results. 


P8-7 (d) 


For counter-current flow, 


UA 
Q- теС с (Ta Е 


See Polymath program P8-7-d.pol. 


Calculated values of DEQ variables 


| | ]Variable 1 Initial value: ‘Minimal | value. Maximal value | Final value | 
ім 0 10 10. о. | 
ім о рр. [0.5395082 | (05395082 | 
зт 40060. (451.6471 | 450276 | | 

8-29 | 


Differential equations 
1 d(X)/d(V) = -ra / Раб 
d(T)/d(V) = (О + (-ra) * 6000) / 30 / Рад 


167 


ре: equations 

2 Раб = 2 

= .01 * exp((10000 / 2) % (1/ 300 - 1/ T)) 
a--k*(Ca0^2)*((1-X)^2-X/Kc) 

| Xe = Kc / (1 + Kc) 


А = 10 
Та = 450 


12 Q = mc Срс * (Ta - T) * (1 + exp(-UA / mc / Cpc)) 
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lot 101 
NN M — o2 _ d 
|10246 [1004072 | 
| uh ND MUN 
2.586706 | аз 586706 — 2693657 2.604286 | 
“00258671 |-0.0260956 |-0.0041231 | ЕТ 0041231 | 
2 |09090909. 7 0.909090 |09108 | 09094262 | 
E a ЖЕ ГНЕ А 
| ле. к Way е 
| И je к 
IE: 150. | 
је С |-24.96003 | 


| 
| 
| 
| 
i 
i 
| 


9.6 


450.0 
0 


Р8-7 (е) 
We see that it is better to use а counter-current coolant flow as in this case we achieve the maximum 
equilibrium conversion using a lesser volume of the PFR. 


Р8-7 (f) 
If the reaction is irreversible but endothermic, we have 
—r, = КС Х) =.01К(1— XY as obtained in the earlier problem. 


АН,,, = 6000cal / mol 
For co-current flow of coolant, 


Ò = mC, (Та -T) i-es [| 


Hoo 


See Polymath program P8-7-f-co.pol. 


we use 8- 7f cocurrent.pol 
Calculated ма of DEQ variables | 


| Variable | Initial value Minimal value (Maximal value | Final value 
1 v 0 0 10. 10. | 
Bx Юю lo —— (05227898 | (05227896 _ | 
sit o |450 | 2 9908 450, O ыг 1887 | 
5 Fao 0.2 02. 02 02 | 
| le |> . үнээ enims 1 
7 |k (2.586706 (2.008972 2.586706 12352492 | 
8 а |-0.0258671 Ho. 0258671 | ЕТ 0053573 -0,0053573 | 
9 [UA 2010 1 | m Ми | 
% m ны и эж 
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mio 9 0 (0779. [9454357 | 
Differential equations 

1 d(X)/d(V) = -ra / Ға0 

2 d(T)/d(V) = (Q + (та) * (-6000)) / 30 / Раб 


Explicit equations 


k = .01 * exp((10000 / 2) * (1 / 300 - 1/ T)) 
га = -k * (Ca0 ^ 2) * ((1- X) ^ 2) 

6 UA = 10 

7 Та = 450 

8 тс = 50 

9 Q = mc * Срс * (Ta - T) * (1 - exp(-UA / тс / Срс)) 


0.60 


0.48 


0.36 


10 0 


For counter-current flow, 


UA 
Q- titel yc (Та EL ыч LC. | 


See Polymath program P8-7-f-counter.pol. 


POLYMATH program 8- 7f countercurrent.pol 

Calculated values of DEQ variables 

a [Variable] Initial value Minimal value Maximal у value ‚| ила! value| 

| | — | eee po 
jo _ 10.5594826. |05 5594826 | 
|, | 
| Y 


m аав, 4634 pU іаво. юэ — ім 69 


ТЕЗЕ 
at — 
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586706 
0.0258671 


9 UA 10 
10Ta 4500 | 
11 тс 22-150. 


20 (0 р 


Differential equations 
1 d(X)/d(V) = -ra / Рад 
2 d(T)/d(V) = (О + (-ra) * (-6000)) / 30 / Раб 


Explicit equations 


k = .01 * exp((10000 / 2) * (1 / 300 - 1/ T)) 

га = -k * (Ca0 ^ 2) * ((1- X) ^ 2) 

UA = 10 

Ta = 450 

8 mc = 50 

9 Q = mc * Cpc * (Ta - T) * (1 + exp(-UA / mc / Срс)) 


450.0 
449.6 
449.2 
448.8 


448.4 


P8-7 (g) 


For a runaway reaction, the following must be true: 


T, –Т, > —- 
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= | К 
1 
12 
|-0.0049788 
10. 


— [1397022 | 


} 
| 
| 


.565639 


_ [30.09601 


Т, + KT, _ 300 + 3 #450 
1+к 1+3 
So if we plug this value into the original equation we get: 


x LIST 145050 


10000 ” 
Т, = 499 К 


= 412.5 


and T, = 


Р8-8 (а) 
А+В—С 
Species Balance: 


ах _ ry, 
aW Fy 
v, = 20 4т 1 s 
P, =10atm 
Stoichiometry: 


C, = Сб I ere 1 
1+éX JT, 


эс,=-сь[ тк} 
Rate Law is: 
E( 1 1 
—r, =kC,, with К =0.133exp| —| ——-— 
ои РЕ У) 
Е = 31400 
АН ра = —20,000 J / mol 


Energy Balance: 


тот + ХЕАН ба. 


“Уад, + ХАС, 
AC, =15+24—40=0 


Т = 450 + QA = 450 + 500X 


See Polymath program P8-8-a.pol. 


Calculated values of DEQ variables 


Variable Initial value Minimal | value | Maximal v value Final value У 
ах | p (ов ов | 
NM o Е 1371 | ha. 13711 | 
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ово, 80000 
на иж 
_ 16.904332 (69004332 | 


6k — ыз | 


Differential equations 
4 d(Wyd(X) = vO * (1 + 3) *Т/К/ (1-Х) / TO 


Explicit equations 

1 T = 450 + 500 * X 

2 v0 = 20 

3 TO = 450 

4 К = .133 ехр(31400 / 8.314 * (1/ TO - 1/ T)) 


900 


800 


700 


600 


500 


400 
ü 


0 9 18 үү 27 36 45 


Р8-8 (ф) | 


Species Balance for CSTR: 
Fio X 
суть = == 
=r, 
T = 450 + 500 X = 450 + 500(.8) = 850 K 
k =.133exp 31400 НЕ = 6.9 
8.314 \450 850 

Ws = 39.42 kg 
Р8-8 (c) Individualized solution | 
Р8-8 (d) | 
For pressure drop, an extra equation is added | 


ар. а Bex) 
2\7, 


(P/R) 
See Polymath program P8-8-d.pol. 
Using POLYMATH program СКЕ_8_84.ро1 


For @=.019 
Calculated y values of DEQ variables 


le (Initial value M imal І value Maximal v value | 1 Епа! value | 
2 22-42. os fos | 
p 0 2 [00544753 _ · [0.0544753 | 
__|1013Е+06 |1.002Е+06 |1.013Е+06 11.002Е+06 | 
= “ш 2 W mE | 
m im E EM и 
i RED Co аи 
stem ТЕ жәні а је M 
|L013E*06 |1.013Е+06 _ |1.013Е+06 | 1.013Е+06 | 
_ 10.019 0019 (009 - 0.019 NN 


Differential equations 


2 d(P)/d(W) = -alpha / 2 * (T / TO) ХРО 7 2 / РЖ (14 X) 


Explicit equations 


3 TO = 450 

А k = .133 * exp(31400 / 8.314 * (1/ TO - 1/ T)) 
РО = 1013250 

6 alpha = .019 
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0.060 900 


0.048 800 
0.036 700 
0.024 600 


0.012 500 


400 : : 
ОО 016 032. 048 064 080 U5 000 046 032 у 048 064 080 
* 
P8-9 (a) 


We use the same equations as problem P8-8, except that the energy balance changes as: 


Ua 
ЕО 
dW F оС pA 


Where —AH,,, = 20,000 J/mol, T,=323 K, Cpa=40 J/mol/K 


See Polymath program Р8-9-а.ро]. 


Calculated values of DEQ variables 


| |Манаые 1 Initial value | Minimal value Maximal value | Final value | 
ім o о 20050 50. | 
2 ГЭВ 0 0. 01376181 011376181 | 
4 то |450. |450. |450. |450. | 
5v 20 00. 20. ро | 
elk ыз -— о. 0292331 0.133 [00 0292331 | 
7 |Uarho 0408 0.08 0. 08 10.08 | 
вла 2. жэ. 13. 0 рез. _ | 
ӨР оо ILOI3E406 |1.013Е+06 ~ | 013e+06 | |1,013Е+06 | 


H 
10 CAO (270.8283 270.8283 2708283 1270.8283 
11CA 270.8283 | |242. 3648 |270.8283 1242.3648 
12|rA |-36.0 02017 -36.02017 -7.085084 -7.085084 | 


Differential equations 
1 d(X)/d(W) = k * (1-Х) / (1 +X) * TO/ T/ мо 
d(T)/d(W) = (Uarho * (Та - T) + rA * 20000) / v0 / САО / 40 


Explicit equations 

1 TO = 450 

vO = 20 

К = 0.133 * ехр(31400 / 8.314 * (1/ T0 - 1/ T)) 
Uarho = 0.08 

Та = 293 

РО = 1013250 


2 САО = РО / 8.314 / ТО 
СА = САО * (1-3) / (1 +) * TO/T 


If » was increased by a factor of 3000, we use the same program with the new value. The profiles 
b 
are in the graphs below. 


P8-9 (b) 


8-38 


For non-constant jacket temperature, the equation for incorporating the flow needs to ђе introduced. 


co-current: 
Tao = 50 °C 
Ua (p T.) 
dT, р 
dw MC „с 
0.20 
0.16 
0.12 
0.08 
0.04 
0.00 
10 20 y 30 40 50 
countercurrent: 
Па, 
(Т - T, 

ат, _ rre 

dW тсС,, 

Tat = 50 °С 

guess and check Tao until T; = 323 K at W = 50 

Тао = 438.8 K 

450 0.20 


0.16 
0.12 
0.08 
0.04 


380 
0 


Р8-9 (с) 
For a fluidized CSTR with У = 80 kg, UA = 500 J/s/K, 
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мн 


Species balance: Хз = Ег А T= Pi 
14+7k Ка 


ИА (Т-Т,) 


*C (T-T, 
Py Fa 2 ) 


Energy balance: X,, = 


Xgp = Хмв 


Solving, X = .95, Т = 323 К 


Р8-9 (d) 


For a reversible reaction, we have all the previous equations, but the rate law is modified as: 


r, 7 k,C, - k,C,C; 
ER 


С,-С.-С,--- 


1+ХТ 
Plugging the equation for k,, and solving using POLYMATH program, we get the plots. 


Only the co-current program and plots are shown. 


See Polymath program P8-9-d.pol. 


Calculated values of DEQ variables 


ши 
: нг 


| ЕЗ 5,02017 й 


Differential equations 


f 
z 
| 
| 
| 


_ [0.076962 | 


0 
lo 


[3602017 | 


+ d(X)/d(W) = -rA / МО / CAO 


[02 бут" 
15. 77362 | 2: 
ЕЕ; 77362 


|15.77362 


ЁЛ 0062421 : 2 
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| (0. 076962. | 


| 115, 77362 


|  |variable| Initial value; Minimal | value] (Maximal value |Final маше | 
им o o 180. 180. | 
ak 0 jo 10.057593 — 10057593 - | 
зт 40. | 420. 7523  |450. (42027523 | 
4 Ta 9% |323. 1426.1607 4207565 | 
е е x re - 
| же е Ей | de зо 
7 Kk (0433  |0.0742131 | 1. ЕРЕ Too; 0742131 | 
8 Мато |240. мо. | “Гю. ж. 
9 __|1,01ЗЕ+06 |1.013E*06 | |1.013Е+06 |1.013Е+06 
10 .— [270.8283 77 род 8283 2708283 — ртов 8283 | 
и |2704: 8283 258.1071 (270.8283 2581071 


_ |-0.0062421 


| 
Е 
| 
| 
| 
| 
1 
1 


2 d(T)/d(W) = (Џагћо * (Ta - Т) + rA * 20000) / vO / САО / 40 
3 d(Ta)/d(W) = Uarho * (T - Ta) / .2 / 5000 


+ sign = cocurrent, -ve sign = countercurrent п RHS of egn. 


Explicit equations 

1 TO = 450 

vO = 20 

К = 0.133 * exp(31400 / 8.314 * (1/ TO - 1/ T)) 
4 Uarho = .08 * 3000 

5 РО = 1013250 

6 САО = P0/ 8.314 / TO 

7 CA-CA0*(1-X)/(1-* X) * TO/T 

kr = 0.2 * exp(51400 / 8.314 * (1/ TO - 1/ T)) 
СС = САО * / (1 + X) * ТО / Т 

СВ = САО *Х / (1 + Х) * ТО / Т 

ГА = -(k * СА - kr * СВ * СС) 


P8-10 (a) 
А>В-+С 
Е 
C eC d 
8, ==. 
E 
С, = С, +С; 
Е, =F, +F, 
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Е 
Сот (Сл + Сю ) a 


Fo + Fio 
С, tC 
Сш = ТЕ 
+1 
Р8-10 (b) 
Mole balance: 
dX _-ту 
dV Fo 
Rate law: -r,-kC, 
1-X Т, 
Stoichiometry: C, = С, —————- 
У "A CMM Т 
E= у. 
б=1+1-1=1 
Fo 177 - 1 
T Fro Faot ЈА 1+6, 
__1_ 
1+6 
___ХАН у t (C5, +6С,,)Т, 


Enter these equations into Polymath 


See Polymath program P8-10-b.pol. 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


V 0 0 500 

X 0 0 0.417064 
Сао 0.0221729 0.0221729 0.0221729 
Cio 0.0221729 0.0221729 0.0221729 
theta 100 100 100 

Fao 10 10 10 

Сао1 4.391E-04 4.391E-04 4.391E-04 
e 0.009901 0.009901 0.009901 
To 1100 1100 1100 
dHrx 8.0Е-04 8.0Е+04 8.0Е+04 
Сра 170 170 170 

Ср1 200 200 200 

т 1100 1098.3458 1100 

k 25.256686 24.100568 25.256686 
ra -0.0110894 -0.0110894 -0.0061524 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(X)/d(V) = -ra/Fao 
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500 
0.417064 
0.0221729 
0.0221729 
100 
10 
4.391Е-04 
0.009901 
1100 
8.0E+04 
170 
200 
1098.3458 
24.100568 
-0.0061524 


Explicit equations as entered by the user 
[i] Сао = 2/.082/1100 

Cio = Сао 

theta = 100 

Fao = 10 

Сао1 = (Cao+Cio)/(theta+1) 

1 ez 1/(1+1һе!а) 

1 То = 1100 

1 dHrx = 80000 

1 Сра= 170 

10] Cpi- 200 

[11] T = (X*(-dHrx)+(Cpa+theta*Cpi)*To)/(Cpa+theta*Cpi) 
12] k= exp(34.34-34222/T) 

13] га = -Кк*Сао1*(1-Х)*То/(1+е*Х)/Т 


peu 


tu А 


© Onan из Ом 


Conversion Temperature 


1.0 1100) 
0.8 1060 

^ No inert ^ Noinert 
0.6 | ^" Moderate 1020 ^ Moderate 


~ Large 7 Large 


0.4 


0 100 200. 300 400 500 0 100 — 200 30 400 500 


V 


0 3 6 Theta 12 15 


P8-10 (c) 

There is a maximum at Ө = 8. This is because when 0 is small, adding inerts keeps the temperature 
low to favor the endothermic reaction. As 6 increases beyond 8, there is so much more inert than 
reactants that the rate law becomes the limiting factor. 


P8-10 (d) 
The only change to the Polymath code from part (b) is that the heat of reaction changes sign. The 
new code is not shown, but the plots are below. 


See Polymath program P8-10-d.pol. 
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‘onversi Temperature 
Conversion 1600 p 


1.0 


0.8 
" No inerts 


^ Moderate 
7 Large 


7 Noinerts 
' Moderate 1400 
Large 


0.6 
0.4 


0.2 | 


———————— ивы хат 


: x EDS 1100 : 
0 100 200 ү 300 400 500 0 100 200 ү 300 400 500 


0.84 
0.76 


0.68 


0.60 . —— 


0 10 20 Th JU 40 50 


The maximum conversion occurs at low values of theta (0 « 8) because the reaction is now 
exothermic. This means heat is generated during the reaction and there is no advantage to adding 
inerts as there was in the endothermic case. 


Р8-10 (e) 
We need to alter the equations from part (c) such that ~r, = КС? and Cao = 1 
A plot of conversion versus theta shows a maximum at about 0 5. 


See Polymath program Р8-10-е.ро]. 


8-44 | 


Р8-10 (f) 


C, 
We need to alter the equations from part (c) such that —r, =k Ё 5 -86| 


К, 
1-Х Т, 
We already know that С, = Со m Now weed need expressions for Cg and Cc. From 
€ 
stoichiometry we can see that Св = Cc. In terms of Cao we find that: 
X Т 
Cs = Ce = С = 
8 26 NO 14 8X Т 
We also need an equation for Kc: Кс = Ke exp Au b E 2ехр 008 (Іш = z) 
R AL T 8.314 \1100 T 


When we enter these inot Polymath we find that the maximumn conversion is achieved at 
approximately 0 = 8. 


See Polymath program P8-10-f.pol. 


0.86 


0.44 


P8-10 (g) 
See Polymath program P8-10-g.pol. 


8-45 


7 Part (0) 
7 Part(e) 


Рак 


P8-11 (a) 
Start with the complete energy balance: 
Z x Q-W, -ХЕ,Е in EF, ош 


The following simplifications can be made: 

It is steady state. 

In part a, there is no heat taken away or added 
There is no shaft work 


That leaves us with 
0=->Е,Ё |n ZEF, 

Evaluating energy terms: 
In: HF + Н воЁъо + A cok co 
Out: H,(F,+R,V)+H,(F, +В®У)+Нс(Е+КСУ) 

Simplifying, 

H,(F,+R,V)+ HH, (Fy + RV) Ae (Fo + RV) Нод 7 Н.Р, – НсоЕсо = 0 

If only C is diffusing out of the reactor we get: 

Н,Е, + НьРь +Нс (Е, + RV) - H Fa — НвоЁво — A cok co =0 

Now we evaluate Р 

F, = Ер“ Врх 

F; = Foo t FoX 

Fo = Foo + Fao X - КУ 

Inserting these into our equation gives: 

Н.Е, — НАРлоХ + НьЕво + Н,Е,Х + НЕ» + Ae FX — Hy Fro — H воЁво -H соЕсо =0 

and note that Еро = Fco = 0 

Н,Е,-Н,Е,Х-Н,Е,Х-Н,Е,Х-Н,ЁЕ,, 70 and combining and substituting terms gives: 

Fao (H, —Нло)+ Ею ХАН px =0 


ош 
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ЕКСА (LT, + Fo ХАН =0 


Differentiating with respect to V with ACp = 0 
dT dx 


Е.С, + Fp (АНЫ (T))=0 
ат @ [АН (T)] 
dV LAC, 
Combine that with the mole balance and rate law: 
dF, dF, dF. 
=, —=-r, -kC 
pou ш age AE 
- КС, 
T. Е, T, 
Са = еб ы fo с-сы ее Ce EC 
F, FT ЗҮ 
For kc = 10 


See Polymath program P8-1 1-a.pol. 


Calculated values of DEQ variables — 
Variable Initial value. ‘Minimal value: ‘Maximal value: Final value | 


i 

1 i d 0 0 50. 150. Ё 
2 с 0.0 | (0.0012968 ^ (00005261 | 
зә о oO 0-0 10.1978837 (01978837 | 
4 Fa 52. (5.222116 542 5222116 
5T 1450. je 548.9418 1548.9418 


н [542 52 7 15421297 (5.420526 


6 

7 dHm _ |-2.06+04 0 -20Е404 00 |-20E«04 000 |-2.0Е+04 
вк 0.133 0.133 _ 0.6036997 0.6036997 
9 k 10 10. о 0. |10. 

10 \2.710027 (2.710027 [2.710027 22710027 | 
"m 2.710027 2.610831 [2.710027 (2610831 | 
12|Kc — (00006905 00002635 0.0006905 0.0002635 | 
13| = 0 lo | 10.0006482 104 000263 | 


|15 га |-0.3604336 |-0.3604336 | |-0.0026249 | |-0.0026249 


| 
|146 2.710027 [2.610831 12710027 - _ 2610831 _ 
| 
|16|Сра 40. 40. 140. |40. 


ОО Ss ээжээ эн 
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3 d(Fa)/d(V) = га 
4 d(Tyd(V) = ra * dHrx / Cpa 


Explicit equations 
| Ft = Ра + Fb + Fc 
‚ dHrx = -20000 
= .133 * exp((31400 / 8.314) * (1 / 450- 1/ T)) 


а = Сю * Fa / Ft 

с = .01 * exp((dHrx / 8.314) * (1 / 300 - 1/ T)) 
с = Сю * Fc/ Ft 

4 Cb = Сю * Fa / Ft 

а = -k * (Са - Cb * Cc/ Kc) 

pa = 40 


0 10 20 


v 39 40 50 


vary kc to see how the concentration profiles change. 


P8-11 (b) 

Now, the hear balance equation needs to be modified. 
ат Чат, ~T)+ Fr) | AH, (T) | 
dV РО " 


See Polymath program P8-1 1-b.pol. 
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P8-12(a) 

To find the necessary heat removal, we start with the isothermal case of the energy balance 
о № 

тоа m X [AH,, +АС,(Т-Т,)|=У6С,(Т-Т,) 
A0 АО 


Because there is no shaft work Ws = 0. 

AC, = 60-25-35=0 

And for isothermal operation T = То 

If we simplify the energy balance using this information we get: 


ог О = Е,ХАН,, = СУХАН gy 
We now know everything except the heat of reaction to solve for the heat removed term. To find the 
heat of reaction consider the adiabatic case: 


АС, -60-25-35-0 

О = 0 and Ws = 0 

-хАНы = У 80, (TT) 

Because feed is equal molar in A and B, 05 = 1 

-XAH = (Co Cog (THT) 
(25+35)(350—300) kJ 


FÉ eno О тэ а 7560) 
ЕХ -0.4 то! 


Now go back to the isothermal case: 


. 3 
О = СУХАН, = ШЕБІ 
т min то. 
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Q = -750000 
min 


P8-12(b) 
We start with the energy balance for the second CSTR (already simplified): 


ЗА р -1)-(Х,-ХДАН, -(С, +С) =) 


40 


This equation has two unknowns (T and X?) and so we need another equation. 
Now wee need the mole balance for the second reactor 
= FA (X, - Xi) и Е,(Х,-Х,) 


„= CAD A ас. 
“їр кС2,(1-Х,) 

This equation also brings in another unknown: К. We know that the specific reaction rate is 
dependant on temperature and if we have the activation energy, we can make an implicit equation 
for k as a function of T. To calculate the activation energy we will use the isothermal and adiabatic 
information for reactor 1 and the mole balance for reactor 1. 
= Е.Х; 

kC?, (1- X,) 
Ше ы NES ВН 

УС? (1-х) УС, (1-Х) 


1 


Solving for К at 300 and 350 К gives: 
К(300 К) = 0.00015625 
k(350 K) = 0.0005555 


If we plug these numbers into the Arrhenius equation we get 


In & 25 S we get E/R = 2664. 
КТ Т, 


1 2 


Which means k(T) = k, exp] —| +-4 
R(T Т 


If we use a nonlinear equation solver to solve the energy balance and mole balance for reactor 2 we 
find that the exit concentration is 0.423. 


See Polymath program P8-12-b.pol. 


POLYMATH Results 
NLES Solution 
Variable Value £ (x) Ini Guess 
T 327.68712 -2.274E-13 340 
X2 0.4214731 -6.666E-12 0.4 
UA 4 
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vo 0.5 

X1 0.2 

dHrx -7500 

To 300 

У 1 

К 3.309E-04 
Cao 1000 

Fao 500 

ra -110.73657 


NLES Report (safenewt) 


Nonlinear equations 
11 KT) = (UA) (Ta-TyFao-(X2-X1)*dHrx-60*(T-To) = 0 
21 f(X2) = V-Fao*(X2-X1)/(-ra) = 0 


Explicit equations 
11 ЧА=4 

21 Та = 350 

3] мо = 0.5 

41 Х1= 0.2 

5] dHrx = -7500 

61 То = 300 

71 V=1 

8] К= .00015625*ехр(2663.8*(1/300-1/Т)) 
91 Сао = 1000 

10] Fao = Сао*\о 

111 га = -К*Сао^2*(1-Х2)^2 


Р8-12(с) 
Now we need the differential form of the energy balance 
АТ _ Ua(T, -Т)- АН py e". ato Ts АН px 


dV Fy.) Сы Fao (Cra +С) 
we also need the mole balance for а РЕК. For this case it simplifies to: 
2012 M 

а а“ 


with —r, = kC,C, and we can use the same equation for К as in part (b). 


When we put these equations into Polymath we get an outlet conversion of X = 0.33 


See Polymath program P8-12-c.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 i 1 

T 300 283.98681 300 283.98681 
X 0.2 0.2 0.3281298 0.3281298 
Cao 1000 1000 1000 1000 

Ua 10 10 10 10 

Ta 300 300 300 300 

dHrx -7500 -7500 -7500 -7500 

Cb 800 671.87016 800 671.87016 
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v 0.5 0.5 0.5 0.5 


Fao 500 500 500 500 
Cpa 25 25 25 25 
Cpb 35 35 35 35 
k 1.563E-04 9.47E-05 1.563E-04 9.47E-05 
Ca 800 671.87016 800 671.87016 
ra -100 -100 -42.749596 -42.749596 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
[1] d(T)/d(V) = (Ua*(Ta-T)-ra*dHrx)/(Fao*(Cpa-Cpb)) 
(21 d(Xyd(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] Сао = 1000 

2j Uaz10 

[3] Та = 300 

[4] dHrx = -7500 

5] Ср = Сао*(1-Х) 

6] v=0.5 

[7] Fao = Cao'v 

[8] Cpaz25 

[9] Cpb = 35 

[10] k= 0.00015625*exp(2664*(1/300-1/T)) 

[11] Са = Сао*(1-Х) 

[12] га --k*Ca*Cb 


Р8-12(4) 


In this case we need to replace the rate law we used in part (c) 


m ZEE -E 


с 


We also need an equation to calculate К, at different temperatures. 


AH ] 1 | 
К, = К. exp —- | —-— - 
с сі 4 R E 3 


be careful of the units when entering Ка into Polymath. Also note that the initial temperature is 
different than in part (c) 


We get an outlet conversion of X = 0.48 


See Polymath program P8-12-d.pol. 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 1 1 

т 350 314.93211 350 314.93211 

X 0.2 0.2 0.4804694 0.4804694 

R 0.0083144 0.0083144 0.0083144 0.0083144 

Ua 10 10 10 10 

Ta 300 300 300 300 

ангх -7500 -7500 -7500 -7500 | 
Сао 1000 1000 1000 1000 | 
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y 0.5 0.5 0.5 

Еао 500 500 500 

Сра 25 25 25 

Срр 35 35 35 

k 5.556E-04 2.381E-04 5.556E-04 
Ca 800 519.53058 800 

Cb 800 519.53058 800 

Cc 200 200 480.46942 
Kc 0.002 0.002 8.63Е+121 
га -300.01803 -335.38132 -64.253241 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
11 d(T)/d(V) = (Ua*(Ta-T)-ra*dHrx)/(Fao*(Cpa+Cpb)) 
21 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] R=8.3144/1000 
Ua = 10 
Ta = 300 
dHrx = -7500 
Cao = 1000 
v=0.5 
Fao = Cao*v 
Cpa = 25 
Cpb = 35 
k = 0.00015625*exp(2664*(1/300-1/T)) 
Са = Сао*(1-Х) 
Ср = Сао*(1-Х) 
Cc = Cao*X 
Кс = .002*exp((dHrx/R)*(1/350-1/T)) 
га = -k'(Ca*Cb-Cc/Kc) 


~ 


$t ke 


EM 


э с=з кеч oc - 
PPP ә но - фото 


л > w N ы Ф e 
hw tr eM MER: 


moe 


P8-12(e) Individualized solution 


P8-12(f) 


For the gas phase the only the stoichiometry changes. 


1- X YT, 
С, =C! = || 2 
$ "5230 
and £= улоб = 0.5(1-1-1) =—0.5 
From Polymath we see the exiting conversion is X = 0.365 


See Polymath program P8-12-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


V 0 0 1 

T 300 279.3717 300 

X 0.2 0.2 0.3650575 
TO 300 300 300 

Ua 10 10 10 

Ta 300 300 300 
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0.5 

500 

25 

35 

2.381E-04 

519.53058 

519.53058 

480.46942 

8.63Е+121 
-64.253241 


final value 


1 
279.3717 
0.3650575 
300 

10 

300 


dHrx -7500 -7500 -7500 -7500 


Сао 1000 1000 1000 1000 

“о 0.5 0.5 0.5 0.5 

Еао 500 500 500 500 

Сра 25 25 25 25 

Срр 35 35 35 35 

k 1.563E-04 8.111E-05 1.563E-04 8.111Е-05 
е -0.5 -0.5 -0.5 -0.5 

Ca 888.88889 834.06666 888.88889 834.06666 
Cb 888.88889 834.06666 888.88889 834.06666 
ra -123.45679 -123.45679 -56.423752 -56.423752 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(T)/d(V) = (Ua*(Ta-T)-ra*dHrx)/(Fao*(Cpa+Cpb)) 
[2] d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] То = 300 

[2] Uaz 10 

[3] Taz 300 

4] dHrx = -7500 

5] Сао = 1000 

6] vo=0.5 

71 Еао = Cao*vo 

(81 Сра = 25 

[9] Срб = 35 

[10] k= 0.00015625*exp(2664*(1/300-1/T)) 
[11] е=-.5 

121 Са = Cao*(1-X)*To/(1«e*X)/T 
[13] Cb = Са 

[14] ra=-k*Ca*Cb 


-------------------------------------------------------------------------------------- ---- 


Р8-13 
2 
Кс С.С, = Х; 5 
С,С, (1-X,) 
4К, 
> Х,--1-5- 
1-4/К, 
АН -30000 
T=T, s de y = 300 + 600X 
C, + Cp, (25+25) 
See Polymath program P8-13.pol. 
Calculated values of NLE vanans ен 
| |Variable Маше | foo [Initial Guess | 
пса jo. 9997644 3.518Е-11 [0,5 (0 < Xe < 1.) 


— 3 
ble Value | 
end х4 
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22 |18Е+07 
Nonlinear equations 


€ f(Xe) = Хе - (1 - Xe) Кс ^ 0.5 = 0 


Explicit equations 
1 T = 300 
2 Kc = 500000 * ехр(-30000 / 1.987 * (1 / 323- 1/ T)) 
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— 


) 
oo 
о со 


е (Едт Conversion 
о о о о о 
о о OD N 


Х 
оо 
= N { 


Р8-14 


For first reactor, 


Ке 


Ке = Xa -or Xa = 
1-Х 1+ Кс 


el 


For second reactor 
др Х or ой m Ko -0p 


ay Хо НЕКЕ 

For 3" reactor 
=> O5 X 2 К, — 9p 
c7 ОТА з = 
1-Х, 1+ К, 

15 reactor: in first reaction X, = 0.3 
So, Ев = Ғдо1(.3) 
2" reactor: Moles of A entering the 2" reactor: Faoz = 2FAoi - Faoi(.3) = 1.7Ёдо1 


0,, — e be 12 
ТТЕ 
-Е,.ХС,Ө (T -Т,)+Е,,Х(-АН,)=0 
(Са+б С) (Т-То) 
-АН, 
Slope is now negative 
3“ reactor: 
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Х,-03 
O; = (-2F 0) t ЗЕ у, = Fao: 2+ 3X1.8) 
Ез = Ба + Fiol- Хо) = Fay +1.8Е 4– Xe) = 141.80 —.3) Fro 
Ема = 2.268, 
Feed to the reactor 3: 
(2F 451) + ЗЕ јр = Fag 2t.3x1.8) = 0.7, 
74 


"226 
Feed Temperature to the reactor 2 is (520+450)/2 = 485 К 
Feed Temperature to reactor 3 is 480 K 
Хата = 4 
Moles of В = .2Едо + ЗЕдог + АЕдоз = Едо! (2 + .54 + (.4)(2.26)) = 1.64 Едо 
X = Бу/ЗЕда = .54 


Say 


Чо чуо fto Что Чё 496 $500 STO у20 


P8-14 (b) 

The same setup and equations can be used as in part (a). The entering temperature for reactor 1 is 
now 450 K and the outlet is 520 K. When the two streams are joined prior to entering reactor 2 the 
temperature is (520+450)/2 = 485 К 

Say that the outlet temperature for reactor 2 is 510 K. Then the entering temperature for reactor 3 
would be (510--510--450)/3 = 490 K 


For any reactor j, 
-F4,,2C,0 (T -T,)* FX (-AH,) =0 
gi (C,4+9,C,»)(T—T 9) 

-АН, 
and Өв for reactor 1 = 0. For reactor 2, Өв > 0. This means that the slope of the conversion line from 
the energy balance is larger for reactor 2 than reactor 1. And similarly Өв for reactor 3 > Өв for 
reactor 2. So the line for conversion in reactor 3 will be steeper than that of reactor 2. The mass 
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balance equations are the same аз in part (b) and so the plot of equilibrium conversion will decrease 
from reactor 1 to reactor 2, and, likewise, from reactor 2 to reactor 3. 


(OX. Хз 


460 620 


Р8-15 (a) 


Substrate > More cells + Product 
$ > С+Р 
G(T) = X*-AHgx 


To solve for G(T) we need X as a function of temperature, which we get by solving the mass balance equation. 


Е.Х FoX r 
V = 40 =- and since – = — then, 
m m cis 
V= Ү.„ ЕХ X 
r 


С, 
r, = ИС. and = 
HMC, and и = MOE, 


0. 0038*rexp{ 216 а 


where MT) = А лах E БЭЛ 48000 
1+ех "S = КОН 


if we combine these equations we get: 


Yas Eso? X 


MOKA 
K; +C; 


8-58 


ү 


c/s 


FoX (K; PC.) 


У = 
д0)С,С, 


C; 2 Cj (17 X) and Се = CY, X 


Г FyoX (Ks +Cs(1-X)) 


cls 
ШТС, Ү,, ХС (1-Х) 


c/s 


Canceling and combining gives: 


р Ех (К, + Co (1- X)) 


M(T C59 (1-Х) 
Now solve this expression for X: 


agp- eee 
M(T)VC5, = Е; Со 


Now that we have X as а function of T, we can plot G(T). 


To get R(T) we must calculate the heat removed which is the sum of the heat absorbed by reactants to get to the reaction 
temperature and the heat removed from any heat exchangers. 


The heat gained by the reactants = Cp, (T == Т,) 
The heat removed by the heat exchanger = UA(T-T,)/Fso 


UA 
R(T) = С (T -R)tz (Т -Т,) 
50 
Now enter the equations into polymath and specify all other constants. The adiabatic case is shown below. The non- 


adiabatic case would be with explicit equation [12] as A = 1.1. 


See Polymath program P8-15-a.pol. 


Differential equations as entered by the user 

111 d(T)/d(t) = 1 Adiabatic Case 

Explicit equations as entered by the user 20000 

1] титах = .5 

ГОВ Ев 10000 

3j мо = 1 

4] Та = 290 

51 ти = mumax*(.0038*T*exp(21.6-6700/T))/(1+exp(153- 0 

48000/Т)) 

6] Ks-5 : 
-10000 

7] М=6 

81 Сѕо = 100 

91 Fso = vo*Cso 

10] Cps- 74 


-20000 


-30000 : | : : 
294 299 303 Т 308 312 317 
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[11] dH = -20000 

[12] UA = 0*300 

1131 Карра = ЧАХСрз*Р 50) 
[14] То = 280 Non-Adiabatic Case 
[15] Х = 1-((Fso*Ksy/((mu*V*(Cso^2))-Fso*Cso)) 

[16] Gtz X*(-dH)*Ycs 20000 
[17] Ві =Cps*(T-To)+UA*(T-Ta)/Fso 

independent variable 14000 
variable name : 1 
initial value : 0 3000 
final value : 30 


2000 
-4000 


-10000 
2 


Р8-15 (b) 

To maximize the exiting cell concentration, we want to maximize 
the conversion of substrate. If we look at G(T) from part A, we see that it is at a maximum at about 310 K. This 
corresponds to the highest conversion that can be achieved. By changing the values of UA and m, we can change the 
slope of the R(T). What we are looking to do is get R(T) to intersect with G(T) at 310 K. 


Since we now have a limited coolant flow rate we will use a different value for Q. 


Q = mcC yc (T =I; | z (2) 
mcC yc 


and so, 


R(T) = m.Cy (T - T, | Ж ew = 2 +C (T-T) 


Mc pc 
Now we set R(T) equal to the maximum value of G(T) which is 15600 J/h 


G(T) =15600F,, = т.С,.(Т -T, t - [y + ЕС (T -Т,) 


тсер 


And now plug in the known values. Assume the maximum coolant flow rate and that will give the minimum heat 
exchange area. 


15609: 1-4.) = 
g hr 


СЗС d 
hr 


CE Ze 10K —290K ) 1-ехр Eu UMEN 2 c 36 2 10К-288К) 
hr gK h K 
gk | 
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1560000 -^ = | 88800000 EAR ERE exp S шн, + (162800 2) 
hr hr | hr 


4440000 : 
hr К 
ЏА = 70415—— 
hr K 
А-14 т? 
Р8-15 (c) 


There are two steady states for this reaction. There is an unstable steady state at about 294.5 K and a stable steady state 
at 316 K. 


P8-15 (d) 
Increasing То enough will eliminate the lower temperature steady state point. It will also lower the outlet concentration 
of cells. Decreasing То will increase the outlet concentration of cells. 


Increasing mc increases the slope of R(T) and will increase the exit concentration of cells. 


Increasing T, will lower the exit concentration of cells. 


P8-16 (а) 

G(T) = AH,X 

xe Tk 266x107 exp БЕС 4J 
]- Tk К\ 350 Т 


R(T) = С„@+к)(Т - Tz) 
Сл = EC, = 0С, +6,С„ =20+30 = 50 
ША _ 8000 


к= = 
CF, 4o  (90)(80) 
» ТЕС po +UAT, _ KT, +T, 
© UAFC Frag 1+к 


To find the steady state T, we must set G(T) = R(T). This can be done either graphically or solving 
the equations. We find that for То = 450 K, steady state temperature 358 K. 


= 350 


P8-16 (b) 
First, we must plot G(T) and R(T) for many different To's on the same plot. From this we must 
generate data that we use to plot T; vs То. 
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Р8-16 (с) 

For high conversion, the feed stream must ђе pre-heated to at least 390 К. At this temperature, X = 
.98 and T = 380 K in the CSTR. Any feed temperature above this point will provide for higher 
conversions. 


P8-16 (d) 


For a temperature of 375 K, the conversion is .968 


P8-16 (e) 


The inlet extinction temperature is 375 K. 


PP e A —————— 


P8-17 
The energy balance for a CSTR: 


UA 
—F,,XAH,, (T) = Fi, 2 6С,(-1,- T (T -1;)] 
A0 
Е.Х 7-rV 
C, isindependent of T. 


С (T 75) =C,, 


G(T) - CAH,) | zx 
Fo 


R(T) = ЕС + UAT, -UAT 
Differentiating: p = ЈА 
ат 


dG(T) -АН,, d(-r,) 
dT Е. dT 


where === 
dt RT 
Setting these two equations equal to each other and manipulating, 
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Ест] 
1.127 | 83238313 
Е =19474 

RT? 


Е.С 
= ЛЖ 441--1,)» ‚апа will be runaway reaction 


At А < 2.5 m? it will become a runaway. 


P8-18 (a) 

Mol Balance: 

ЕХ СХ 
m К|С,-С,/К,| 


а-а) 


0 
Х[ї+тї(1+1/ К„)]=т® 
sits 00А 
1-7К(1-1/К,) 
С(Т)--АН,,Х = 80000Х 


k 21min! 


7 - шт 

К, 2100 

есе. 01 
1+10(1.01) 

G(400) = 72080 cal / mol 


P8-18 (b) 
= UA 3600 — 
FC, 10%40 

R(T) C, * к) -Тс) = 400(T Тс) 
dit 

1+к 
R(T) = 400(T — 310) 
The following plot gives us the steady state temperatures of 310, 377.5 and 418.5 K 


-=310 


С 


See Polymath program P8-18-b.pol. 
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GM) & AM) (caVmoi) 


Р8-18 (c) 
310K and 418.5 K are locally stable steady-state points 


P8-18 (d) 
R(418.5) = 400(418.5 — 310) = 43400 
G(418.5) = 43400 = 80000 + x 

_ 43400 


80000 74 


x 


P8-18 (e) 


The plot below shows T, varied. 


a Pa NE, Ён 


m 


The next plot shows how to find the ignition and extinction temperatures. The ignition temperature 
is 358 K and the extinction temperature is 208 K. 


Р8-18 (f) 


This plot shows what happens if the heat exchanger quits. The upper steady-state 
temperature now becomes 431.5 K. 


i 


G(T) & R(T) (ca/mol) 
ii i 


од 
Ын зээ 350 370 390 410 430 450 


Р8-18 (2) 


At the maximum conversion G(t) will also be at its maximal value. This occurs at approximately T 
= 404 К. G(404 К) = 73520 cal. For there top be a steady state at this temperature, R(T) = G(T). 
See Polymath program P8-18-g.pol. 
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UA 
K= 
КЫС 
К(Т)=С„(@+к)(Т -Т„) = 73520 
То + КТ, 
1+к 


If we plug in the values and solve for UA, we get: 
UA = 7421 cal/min/K 


where T, = 


Р8-18 (11) Individualized solution 


Р8-18 (1) 
The adiabatic blowout flow rate occurs at т = 0.00415 
т = 0.00415 = X 
Ур 
ур = TV =0.0041*10 
ат? 


у, =0.041— 
mun 


See Polymath program P8- 18-i.pol. 


Р8-18 (j) 


Lowing То ог Ta or increasing UA will help keep the reaction running at the lower steady state. 


Р8-19 

Given the first order, irreversible, liquid phase reaction: 
А э В 

UA —1.0cal / тіп °С T, =100°C 
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POTEN cU NER RENS ER 


Pure А Feed = 0.52 mol / min С, = С, = 22241! g- то РС 


са! 
AC, = AC,, - AC, =0 AH, =—200 = const 
gmo 
Design Eqn’ У = аша TA 
-r Ка-Х) 
Rate Law: =r; = ЕС, 


Stoichiometry С,-С,(-Х) 
Energy Balance -UA(T - T.) - FAX AH, = F4X0C,(T - 1%) 


Simplifying, 
otk _ l 
l+rk |, | 
tk 
Бо АН; 
О, =К„Х(—АН„) = Patti) 
1+— 
ТЕ 


This 1s the curve plotted in the problem statement From the equation for heat generation curve, we 


get 


Os,  _ & 9 


The equation for heat removal curve 15' 
О = ЕС (Т—Ћ)+-ОЖИТ—Т,)= 5*2*(T 1) +1 OF — T7.) 


Og =2T 1,100 
Plot this along with the heat generation curve for various To. This 15 shown ın the figure 


а 7] 
i= — — To=150 | 
5 то=160 | 
|- - – -Тог170 | 
|= -- – Т0=180 | 

ол 
| |—— --Тоз200 
| |- - - Toz210] 


0 
0-4--2-414Г2... CIL RECENTE ERAN Fife 
SENE ETE 


120 140 160 180 200 220 
T iC) 


чиа, siat са trea Pass t os ата шыш i i 


пион то ор ee ло HERRERA 


The intersection between Ор and QR can be used to 
prepare the ignition - extinction curve shown in figure Hae ie 
P8-22-2 The values for Ts as a function of inlet 
temperature, To, are tabulated below. 


ы ыы ПИНК 
ieo э ње пе IG 146 ies ма 


2 8-67 т. ее) 


132 
135, 172 
10 |137,168,176 


0 
0 142.5, 167, 181 
2 
0 


16 

17 

19 154.5, 165, 193.5 
20 

2 


162, 199 
1 


P8-19 (a) 


To obtain high conversion, the reactor must operate at or beyond point 14 in figure. So the 
minimum inlet temperature for high conversion is To 2 202 °C. 


P8-19 (b) 

The temperature of the fluid in the reactor corresponding to temperature in part 1 is Ts > 199 °C 
(point 14 in figure). 

P8-19 (c) 

The inlet temperature of the fluid is To = 202 + 5 = 207 °C. This will be somewhere between points 
14 and 15 in figure. Once the fluid is cooled from this temperature, it will follow the line formed by 
points 15, 14, 12, 9, etc.. Now To = 207 - 10 = 197 °C. From figure, Ts = 195.5 °C. From equation 
(5), 

О; = 2*196.5 -19—100 = 95 cal / mol 


Qr = О, =96 са / mol 


50, Х = 9, - 0.96 
100 


Р8-19 (4) L 


Extinction temperature is the temperature corresponding to point 3 in the figure = 157 ge 


Р8-19 (e) Individualized solution 


P8-20 (a) 

The following are the explanations for the unexpected conversion and temperature profiles 
Case 1: Broken preheater or ineffective catalyst 

Case 2: The equilibrium conversion was reached due to a problem with the heat exchanger 
Case 3: Broken preheater or ineffective catalyst 

Case 4: The equilibrium conversion was reached due to a problem with the heat exchanger 
Case 5: Ineffective catalyst 

Case 6: The equilibrium conversion was reached due to a problem with the heat exchanger 


P8-20 (b) 


| 
| 
8-68 | 
| 
| 
| 


The following аге the explanations for the unexpected conversion and temperature profiles 
Case 1: Broken preheater or ineffective heat exchanger 

Case 2: Ineffective catalyst 

Case 3: Broken preheater or ineffective heat exchanger 

Case 4: Ineffective catalyst 


i —————_———__—__———————————————— 


Р8-21 
Below is the FEMLAB solution. 


]. Parameters in simulation on the tubular reactor in Problem 8-6: 
Reaction: А+ В Э C 
(1) operating parameters 
Reactants 
Inlet concentration of А C4, = 100 mol/m? 


Inlet concentration of B C, = 100 шош" 


e Inlet total flow rate у, = 2x10” m/s 


e Inlet temperature of the reactant T, = 300K 


(2) properties of reactants 
e Heat of reaction, AHg,, dHrx = -41+20+15=-6 kcal/mol--25100 J/mol 
e Activation energy, E = 41840 J/mol 


e Specific reaction rate k, = 0.01x 10^ m’/mol.s @300K 


e Reaction rate k =k, exp = = 25 
RT, Т 


e Gas constant, R = 8.314 J/molK 
e Rate law ~r, 5КС,С, 


Assumption: 
e Thermal conductivity of the reaction mixture, ke = 0.68 W/mK 
(needed in the mass balance and the energy balance) 

e Average density of the reaction mixture, p, rho = 1000 kg/m? 

(needed in the energy balance) 
e Heat capacity of the reaction mixture, Cp = 4200 1/ке:К 

(needed in the energy balance) 
e Diffusivity of all species, Diff — 10? m/s 


2. Size of the Tubular Reactor 

(1) Volume of reactor sized by a РЕК = 0.317 m 
(2) From FEMLAB 

e Reactor radius, Ra = 0.1 m 

e Reactor length, L = 10.0 m 
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3. Femlab Screen Shots 
(1) Domain 


AxesiGrid Settings 


phi min 


(2) Constants and Scalar Expressions 
- Constants 


TEUER 


ts 


- Scalar Expressions 


K*CAD^2(1-xA)^2 
"Ko'exp(ERY (I B004m) — 
Асан) 00 


(3) Subdomain Settings 
- Physics 
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(Mass balance) 


(Energy balance) 


- Initial Values 


ЈЕ Equation: жолық M маны» 45-ы ны чанд шамадан олақ opti uti o ізін 
| Ve(-DVcA«cAu) = В, СА = concentration 
i 


| 5^1 


о Species жалы алын 


Library materia: | 


Quantity Value/Expression Description 


ЖҰТЫ "ЖМ | Time-scaling caefficient | 


Оз D isotropic | Diffusion coefficient 


Сэр anisotropic | Biffusion coefficient 


R | “| Reaction rate 
u i r-velocity 


| z-velacity 
|: [^] Select by group E UE ы 
Active in this domain 


Equation : 
| ToCKVT + EW) = @- pC ue VT, Т=1етрегашге 
| : 
узибаотанл selection == = [Physics | int | Element | 
| г Thermal properties and heat sources/sinks х + 
| | Library materia: |. (Load... : | 
H Quantity Value/Expression . Description | 
| 5, 4 72227 [ime-scaling coefficient | 
it i 
| ӘСЕ № | тета conductivity 214 
108 ный | 
| | || Ck (anisotropic) [050118 _ | Thermal conductivity | 
a pecie ‘i bed i 
| || Р fno __ | Density | 
| S, Ф | 
u 
|| 
H " 
| [J select by group "Mo; Species diffusion inactive _ 


| 


|] Active in this domein | _ Artificial Diffusion...) 


(Mass balance) cA(t0) = cAO 
(Energy Balance) T(t0) = TO 


- Boundary Conditions 

@ r = 0, Axial symmetry 

@ inlet, cA = сА0 (for mass balance) 
Т-ТО (for energy balance) 

@ outlet, Convective flux 

@ wall, Insulation/Symmetry (for mass balance) 
Thermal Insulation (for energy balance) 


(4) Results 


(Concentration, cA) 
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UTITUR 


EET 


tion and Conduction roblem 8-21.fl - 


: ______(Гетрегаште, T) _ : 
€ FEMLAB - Geom1/Convection and Conduction (ЕпегвуВа(апсе) : Problem 8-21.11 


8-72 


Мах: 9538. 


P8-22 (a) 


Liquid Phase: A+ B > C 


С,-С,0-Х)-С, 


Тће епегоу Вајапсе: 


dT Ua(T, -T)* Cr,)C AH.) 


dV P С, + ср 


Assume D = 4 


See Polymath program P8-2 


т? Ks 


5J _ lcal Im? 


41847 104т | 


2-a.pol. 


oa values of DEQ variables 


к 


m: 


о. 
== 


2 la | Е 


13| (ора. 
1410 


[variable 
v 
Е 122 


| 10.0 003799 
0.003799 — 


0.01 


/|-0.0010427 | 
15. | 


са1 
dm’ Ks 


1000. 
|434. 7779: 


| 10. 9620102 


зоо. 


| 1.988 | 


10000. 
0.1 
0.1 


01 


|1. 808628 


n 47E-06 4 


15. 


1-6000. 
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4 ПЕРЕТЕ шы 


» Initial v value Minimal | value | ‘Maximal value. |Final маше | 


1000. 


| 
|348.2031 | 
10.9620102 


300. | 


: 0. 003799 
10.003799 

| |0.1018746. 
| а. 47Е-06 | 


ВЕН 


Explicit equations 
Ta = 300 
R = 1.988 
E = 10000 
сао = d 
a = cao * (1- X) 
b = cao * (1- X) 
= .01 * exp(-E/ R * (1 / T - 1 / 300)) 
a = -k * ca * cb 
pb = 15 


500 АА 1.0 eng ы ыссы су 2. 
0.8 
0.6 
0.4 | 


02 


300 == 0.0 : р FINITE 
0 200 400 У 600 800 1000 0 200 400 ү 600 800 1000 


P8-22 (b) 
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Gas Phase: A = B+C 


The energy Balance: 

dT _ Ua(T, - T) * (-r)-AH,) 
wee, 
AH, =-40-50+70=-20 kJ/mol 
0-5 


See Polymath program P8-22-b.pol. 


Calculated values of DEQ variables 


| fartante Initial value | (Minimal value (Maximal value Final value 
| 


0 
0 


w 


1371.902 


Н 


400. 


| 
1 
|| 
| 
р 
| 
3 


20. 


23. |323. 


|11|СА0 304.6819 304.6819 
Ё 3 


peces 


--4 


14 св 0 0 


Differential equations 
1 d(X)/d(W) = -rA / МО / САО 


Ё! 0. 0651696 И 


0.0622149 | 


1013Е+06 |1. 013Е+06 | 


12|CA 3046819 292.8948 | 


15А -4052269 -40.52269 | 


k ВЕЕ 


150. 


10.0560855 | 
е 
_ 400. 
(0.133. = 


20. 
0.2 
15. 


i 


[323. B 


|. 013E+06 | 


1304. 6819 
1304. 6819 


7] |17.40323 | 


[17. 40323 


ч. 2446624 и 


mM 4 


ман 


150. 
|0.0560855 
|371.902 
|400. 


10.0651696 


120. 


10.0622149 


|5. 


(823. 


10 013E+06 


. 1304.6819 
(292.8948 | 


|17. 40323 | 


du. 40323 


|-0. 2446624 | 


| 
4 


2 d(T)/d(W) = (Џато * (Та - Т) + rA * 20000) / vO / САО / 40 


Explicit equations 


РО = 1013250 
CAO = РО / 8.314 / ТО 
СА = CAO * (1-Х) / (1 + X) ХТ0/Т 
СС = САО # / (1 + Х) * TO/ T 
СВ = САО * X / (1 + X) *FTO/T 
| rA = -(К * CA - kr * CB * CC) 


Р8-23 
First note that ACp = 0 for both reactions. This means that АНь,(Т) = АНь,° for both reactions. 


Now start with the differential energy balance for a PFR; 
а = Ua(T, -T)* Xn (= 227) Ua (Т, Е Т) thc (АН ас ) thp (AH x20) 


dV 2 ЕС, > ЕС 
If we evaluate this differential equation at its maximum we get 


A -0 and therefore, Ua(T, - T) - n AH вас - 5 AH кор = 0 


We can then solve for тіс from this information. 
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T Ua(T, -T) - roH rap  Ua(T, -T)-k, оС,СсАН nap 
АН sac АН sac 
_ 10(325 — 500) — 0.4 (0.2) (0.5) (5000) 
age -50000 
ће = 0.039 = 6 СС, = kic (0.1)(0.2) 


Ке =1.95 


=: Е 1 1 
kico = си) P| > 200. 500 
k 
In (шең 


шэг 
400 500 


cal 


= 0.039 


а 


Р8-24 (а) 
See the additional homework problems in chapter 8 at http://www.engin.umich.edu/~cre for the full 
solution. 


Isothermal: Т = 323 К 
Rma” 1, Q7 40 mol/L 


P8-24 (b) 
See the additional homework problems in chapter 8 at http://www.engin.umich.edu/-cre for the 
equations to enter into Polymath. Then vary to see its effect. 
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vertens 


Р8-24 (с) 


See the additional homework problems in chapter 8 at http://www.engin.umich.edu/~cre for full 


solution 


Non-Isothermal: To = 353 К, Tw = 298 K 
Вмдд = 1.0, 9 = 200 Lmin 


---2МІВ ---2М6 ———M«OH -—— ТАМЕ 


P8-24 (d) No solution will be given 


P8-25 

Mole balance: 
dF, dF, dF. 
"up TA D p aede 
dW dW dW 

Rate Laws: 


РА hg thatha 


ТВ = ҢА +в 


ІВА 
ha = ЕС, 
Һа = КС 
ha = Се 
Stoichiometry: 
ET 
€ 
1 
ЕТ 
C; =C 0 
ЕТ 


Епегру ђајапсе: 
aT _ Ua(T, - -T)* Cn4)C-AH ма) + (rrap) + (Hyg (AN уза) 


dw Е.С и + F,C, Е,С,, 
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АТ _ 16(500-Т) + (–5,)1800 + (—тр,,)1800 + (—т,„)1100 


dw 


k, = 0.Sexp[20 -320/T)] 


k, = 0.005exp[4.6(1 — 460/T)] 
К. =10ехр[4.8(430/Т -1.5)] 


See Polymath program P8-25.pol. 


Calculated values of DEQ variables | 
Variable Initial value: Minimal value | [Maximal value | Final value 


| o 


iw 0 

2 i 
ак 0 

5 T — 1330. 

6 Ua 16 

7 Ta 500. 

8 |Dhria -1800. 

E ШЕ |-1100. 

10 (са. 100. 

m са 2100. 

12 Ipc 100. 

зк “05312401 
148 00008165: 
ша — 

161 2. 

17 то 0330. 

18 КС » з, 885029 
19 је 01367403 
ola 1 
|21 lb — |t 

22 ма | D 5312401 | 
23 за 22 |-0.0008165 
2412  0.0008165 
25 БИ (01 1367403 
26rb 3944998 | 
27|ra |-0.3953164 - 


0. 9261241 


(0. 0. 6296429 


400. — 
10.5312401 
10.0008165 
І2. 

2. 

(330. 


2] ју 062332 
10. 1367403 | 
10.5682599 


0. 7341242 
-0. 5748799 
1-0. 002138 

0. 0007594 


-0. 5770243 | 
ч. 0522707 
-0. 3953164 


100(F, + F, + Е.) 


1100. 100. | 
11.368476 | |0.9261241 | 
LM ШІМ | 
0. 2044134 02044134 | 
|416. 3069 |416. 3069 | 
116. B | 
|500. 500. | 
11800. (4800. | 
14100. 11100. 
100. 1100. 
|100. 1100. | 
|100. ію. = | 
10.7941566  0.7941566 | | 
0.0030853 | 0.0030853 | | 
|330. 1330. | 
(3.885029 1062332 | 
10.74756 (074756 | 
In Е Jo. 6892094 | 
d. 2532138 |0.7341242 | 
(0362406 4 |-0.5473402 | 
| Із, 0007594 |-0.0021264 | 
10.002138 [0.0021264 | 
|-0.1367403 | n 5488019 | 
 [0.3944998 7 |-0.0014617 | | 
Jo. 0510521 |-0.0006647 | | 
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Differential equations 
1 d(fb)/d(w) = rb 
2: d(fa)/d(w) = ra 
d(fc)/d(w) = rc 


d(T)/d(w) = (Ua * (Ta - Т) + (-гіа) * (-Dhria) + (-r2b) * (Dhria) * (-r3a) * (-Dhr3a)) / (fa * cpa + fb * 
= cpb + fc * cpc) 


Explicit equations 
a = 16 

а = 500 

һг1а = -1800 
hr3a = -1100 


‘ki = .5 * exp(2 * (1 - 320/ T)) 
9 |КЗ = .005 * exp(4.6 * (1 - (460 / T))) 


35 


12 To = 330 
| Кс = 10 ехр(4.8 * (430 / T - 1.5)) 


zct*fa/ft*To/T 
‚ СБ = ct * fb / ft * To / T 
A ria = -k1 * са 

| гЗа = -КЗ * ca 

| гс = “За 

| r2b = -k2 * cb 

21 rb = -rla + r2b 

22 ra = -г2Ь + ria + гЗа 


Р8-25 (a) As seen in the above table, the lowest concentration of o-xylene (A) = .568 mol/dm? 


P8-25 (b) The maximum concentration of m-xylene (B) = 1.253 mol/dm? 
P8-25 (c) The maximum concentration of o-xylene = 1 mol/dm? 
Р8-25 (d) The same equations are used except that Ево = 0. 


The lowest concentration of o-xylene = 0.638 mol/dm3. The highest concentration of m-xylene = 
1.09 mol/dm3. The maximum concentration of о-хујепе = 2 mol/dm3. 
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Р8-25 (е) 


Decreasing the heat of reaction of reaction 1 slightly decreases the amount of E formed. Decreasing 
the heat of reaction of reaction 3 causes more of C to be formed. Increasing the feed temperature 
causes less of A to react and increases formation of C. Increasing the ambient temperature causes a 


lot of C to be formed. 


Р8-25 (f) Individualized solution 


22001000 MM 


P8-26 (a) 

Ac B+C 

A D-«E 

А+С>Е+С 

We want the exiting flow rates B, D and Е 
Start with the mole balance in PFR: 


dF, dF, dF. Ав, 
— = үд —-pn —t =, — =r 
dV dV dV dV 
dv * ау * dv = 

Rate Laws: 

Г =н, 7 із Gr 

L^ = қ, 

K =h, т 

їр = 5 

Ke Тав 

= 

к, = Ра vex -008з50 - 12525 |» - ад 


E pa- oye (132392 2929 | я 


n, = 0(1- ф)ехр |02961 ИХ (БЕ) 


Stoichiometry: 
P= ын Р, 


F 


Е, =—-P,, 


Е, 


F, =F, +F; ЕЕ + Е НЕВЕ 


F, = steamratio х .0034 


Energy Balance: 


dT 


dV  F,*2994 F, *283+ Е. #30 + F, *2014 F, *90+ Р, *249 + Е, *68+ Е, *40 


-(,АН,, * n4 АН po, + Typ AH рза) 


Ка = 22 232 In(T) +[(,T +Ь,)Т D 


See Polymath program P8-26.pol. 


For ТО = 800K 


Calculated values of DEQ variables 
| |Мапађје | Initial | value | Minimal ч value 


LIIS 


——— | = 


= 


uM 
10 на 


DM 
22 |r2b Е 
23 ім 


| 

| 

| 

£ 

m 052E«05 
e 

E 

| 

|04 

lo. 


12 


1 


EN 


.18E+05 


_ 15.З9Ек04 | 
2137. 


10.0459123 | 
AU E 
do vm 
71005332 

(Ж 1548387 - 
| d | 

E 
Р 991Е-06 | 
_ |2.991E-06 - 


H-H-H-H- 


©: 


jeje 


n 

H 

|0. 002496 - 
| | 

IC 

P 


© © 


0 
[765.237 


|1.18Е+05 - 
fio 052E+05 | 
|-5.39E+04 


|2137. 


кеч 


E 078E-05 Ч 
із. 588E-05 


| 
r 


0.0196554 aM 


—- 


10. 


[0.00344 
10.0008974 |. 
0.0008615 | 


| 
4 
Н 
! 


1.078Е-05 


Із. 588Е-05 


1800. 


1.18Е+05 


|9137. 
|0.4 


(2. 991E- 06. 


[2991606 
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1 :052Е+05 Е 
|-5.39Е+04 —- 


и 
| lo 0196554 - 
145 
0.04988 | 


|0.0459123 | 

ir 

== 

[0,0542282 

 |0.1548387 — 
ї = 
= 


soa re ans 


| Махїта! value | Епа! маше | 


јао. 
(0.002496 


| lo. 0008974 | 
10.0008615 | 
n 078E-05 - 

[1.078E-05 - 


3. 588E- 05 


|1.18Е+05 | 


———— 


n |. .052Е%05: 


E 39E+04 
2137. 


|0. 0542282 


[0.104652 


100 0397155 


lo. 0381277 1 


Іш 16Е-07 
41 


546Е07 _ 


_ 13. 588Е- 05 | 
|765. 237 


15.16Е-07 | 
12 151E-06 | 
196E-06 4.151Е-06 | 
196Е-06 —— 4 151E-06 | 


NS | 


0.0002138 2.48105 | 00002138 | 24818605 | 

7 |0.0002138 |2.481Е-05 | 2 248108 | 

| |2.066Е-05 - 7 7 |2.066Е-05 | 

31а |-0.0002167 |-0.0002167 -2.948Е-05 | |-2.948Е-05 | 


Differential equations 
1 d(fa)/d(v) = ra 
2 d(fb)/d(v) = rb 
3 d(fc)/d(v) = rc 


4. d(fd)/d(v) = rd 
5 d(fe)/d(v) = re 
6 d(ff)/d(v) = rf 


(fg)/d(v) = rg 
8 d(T)/d(v) = -(rls * Hla + r2b * H2a + r3t * H3a) / (fa * 299 + fb * 273 + fc * 30 + fd * 201 + fe * 90 + ff 
7 * 68 + fi * 40) 


Explicit equations 

Hla = 118000 

H2a = 105200 

H3a = -53900 

р = 2137 

phi = .4 

= exp(-17.34 - 1.302e4 / T + 5.051 * In(T) + ((-2.314e-10 * T + 1.302e-6) * T + -0.004931) * T) 
s sr 14.5 

fi = sr Ж .00344 

ft = fa + fb + (с + fd + fe + ff + fg + fi 

Pa = fa/ ft * 2.4 

Pb = fb / ft 2.4 

Pc = fc / ft 2.4 

грб = p * (1 - phi) * exp(13.2392 - 25000 / T) “Ра 
rd = r2b 

re = r2b 

r3t = p * (1 - phi) * exp(.2961 - 11000 / T) “Ра * Рс 


rls = p * (1 - phi) * exp(-0.08539 - 10925 / T) * (Pa - Pb * Pc/ К!) 
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20 rb = rls 
21 rc = rls - r3t 
22 ra = -rls - r2b - r3t 


Fstyrene = 0.0008974 
Fbenzene = 1.078Е-05 
Frotuene = 3.588Е-05 
Зувт = 19.2 


P8-26 (b) 
To = 930K 


Fstyrene = 0.0019349 
Foenzene = 0.0002164 
Fiotuene = 0.0002034 


Sst = 4.6 


P8-26 (c) 
To = 1100 K 


Fotyrene = 0.0016543 
резе = 0.0016067 
Fioluene = 0.0001275 


Зувт = 0.95 


P8-26 (d) 


Plotting the production of styrene as a function of To gives the following graph. The temperature 


that is ideal is 995K 


—— 
1€ Fb (Styrene) vs. Te 
—————— 


0.0023 
0.0022 1 
C.0021 T 


e X 


0.0018 - 9 
С.0017 | / 
0.0016 T 

0.0015 Т j 
0.0014 + 


800 960 


1090 


1190 


1200 
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Р8-26 (e) 


Plotting the production of styrene as a function of the steam gives the following graph and the ratio 
that is the ideal is 25:1 


Ф Fh (Styrene) vs. sr 


10 20 әс 50 за 


Р8-26 (f) 


When we ада а heat exchanger to the reactor, the energy balance becomes: 

dT _ Ua(T, –Т) - (n, AH ma + rg АН сэл + ТАН psa) 

dV  F,*2994 Е, *283+ Е, *30+ Е, *201+ Е, +90 + F; *249 + Е, #68 + |, #40 
With T, = 1000 K 

Ua = 100 kJ/min/K = 1.67 kJ/s/K 


The recommended entering temperature would be То = 440 K. This gives the highest outlet flow 
rate of styrene. 


4.0e-3 300 

3.26-3 240 

2.4e-3 180 Эр 
1.6e-3 120 | 

89e4|| 7 60 

pier 0 


Р8-26 (2) Individualized solution 
Р8-26 (h) Individualized solution 


i a a i ——————————————— 
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Adiabatic exothermic, adiabatic endothermic, exothermic with cooling, endothermic with heating. 


All the profiles show the rate of reaction dropping toward the end of the reactor. 


P8-27 (b) 
The non-adiabatic profiles show an increase and a decrease in temperature profile, and the adiabatic 
profiles do go from increasing temperature to decreasing temperature (or decreasing to increasing). 


P8-27 (c) 

Figure E8-5.3 shows a decrease in temperature while the reaction rate is large because the reaction 
is endothermic. Once the reaction rate drops, the heat exchanger increases the temperature profile 
because the reaction is no longer removing much heat. 


Figure E8-3.1 shows a steady increase in temperature until the reaction rate drops to near zero. The 
reaction rate increases at the beginning of the reactor because of the increase in temperature 
affecting the specific reaction rate. At too high a temperature the equilibrium constant gets vbery 
small and the reverse reaction becomes more prominent and thus the rate decreases as the 
temperature rises above 350 K. 


P8-27 (d) 

In Figure E8-10.1, the temperature increases quickly until the reactants are used up. Then there is no 
more heat generated from the reaction, and the heat exchanger lowers the temperature. Figure E8- 
10.2 shows that the flow rate of A drops to about zero at about the same time the temperature 
reaches a maximum. Once there is no reactant, the reaction ceases and the flow rates of the products 
remains constant. 


Plugging those into POLYMATH gets the following program and the following 
grapbs. The conversion achieved is 0.36. 


P8-28 (a) | 
2А---8 
а) Design equation: 
„МА 
д Бе 
Rate law: 
к= ЕС | 
Stoichiometry: | 
С,=С„(-Х) | 
Energy balance: | 
ат Оа, Т) (Ана) | 
qv FC pa es | 
ат _ 5000 -T)« (231+ 012 —298)-т,) | 
dv 58122 0 | 
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See Polymath program P8-28-a.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 10 10 

T 675 675 7:15::55599 704.76882 
Х 0 0 0.3580882 0.3580882 
Еао 5 5 5 5 

Ua 5 5 5 5 

Ta 700 700 700 700 

dHr -235.524 -236.01067 -235.524 -235.88123 
Cpa 0.1222 0.1222 0.1222 0.1222 

k 0.0734336 0.0734336 0.3658299 0.243008 
Cao 1 1 1 1 

Са 1 0.6419118 1 0.6419118 
га -0.0734336 -0.3335975 -0.0734336 -0.1001316 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(TYd(V) = (Ua*(Ta-T)+(-ra*(-dHr)))/(Fao*Cpa) 
121 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
[1] Рао=5 
[2] Џа=5 
[3] Та = 700 
[4] анг = -231-0.012*(T-298) 
[5] Сра = 1222 
[6] К= 1.48e11*exp(-19124/T) 
[7] Сао = 1 
181 Са = Сао'(1-Х) 
9] га = -К*Са^2 


0.00 - 
0 6 8 10 


Р8-28 (b) 
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t E іст» 
| 


Using the same POLYMATH program we were able to change the entering 
temperature and come up with this graph. 


Conversion vs temperature 


800 


400 600 
Temperature, K 


P8-28 (c) 


Again using the same POLYMATH program, we can vary the ambient 
temperature until the reaction runs away. As the following summary table will 
show the maximum temperature is 708 K. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 10 10 

T 675 675 758.02032 712.2666 

X 0 0 0.4862844 0.4862844 
Fao 5 5 5 5 

Ua 5 5 5 5 

Ta 708.2 708.2 708.2 708.2 

dHr -235.524 -236.5196 -235.524 -235.9712 

Cpa 0.1222 0.1222 0.1222 0.1222 

k 0.0734336 0.0734336 1.6320169 0.3233503 
Cao 1 1 1 1 

Са 1 0.5137156 1 0.5137156 
ка -0.0734336 -1.078707 -0.0734336 -0.0853333 
Р8-28 (d) 


When the reaction becomes adiabatic the energy balance will then 
become: . 


However, the heat of reaction is a function of temperature. This is a circular 
reference, so we need to find T as a function of just X. 


P ucU MA ене ИЕН 
С, -0.012X 


Plugging that into POLYMATH gets the following program and graplis. 


8-88 


See Polymath program P8-28-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0. 0 10 10 

х 0 0 0.0304837 0.0304837 
Fao 5 5 5 5 

Џа 5 5 5 5 

та 708.2 708.2 708.2 708.2 

то 675 675 675 675 

Сра 0.1222 0.1222 0.1222 0.1222 

т 675 618.33416 675 618.33416 
Сао 1 1 1 1 

Са 1 0.9695163 1 0.9695163 
dHr -235.524 -235.524 -234.84401 -234.84401 
к 0.0734336 0.0054738 0.0734336 0.0054738 
ка -0.0734336 -0.0734336 -0.0051452 -0.0051452 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(X)/d(V) = -га/Рао 


Explicit equations as entered by the user 
[1] Рао=5 
2j Џа=5 
31 Та = 708.2 
[4] То= 675 
1 Сра= 1222 


[ 

[3 

[4 

[5 

[6] T = (То*Сра-231*Х-3.576*Х)/(Сра-0.012*Х) 
[7] Cao=1 
[8 
[9 
[1 

[1 


1 Са = Cao*(1-X) 

[9] dHr = -231-0.012*(T-298) 

[10] k= 1.48е11*ехр(-19124/Т) 
1) ra= -к*Са^2 


P8-28 (e) 
When it becomes reversible with inerts the two equations that change are the 
rate law and the energy balance. 


—м = (а 2j 
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ат Ua(r,-T)* Cr. X- AH) 


av қыс, өс; 
К =100000ехр АНА -4 
Е (675 T 


We can use those equations in POLYMATH and the following graph is made: 


Conversion vs. temperature, 


1 reversible 
$ 08 
5 06 
2 04 
8 0.2 
0 


Temperature 


There is no maximum because the reaction is a runaway at a certain temperature 
and the conversion goes to close to one at that point. 


P8-28 (f) No solution will be given 


eg LL TA ————— 


P8-29 
The elementary, reversible, gas phase reaction A+B < 2C 
Feed: Едо = Ево = 20 mol/s = 1200 mol/min. 
Ро = 580.5 kmol = 5.74 atm. 
То =77°С = 350°К 
Yao = Үво = 0.5 
(0.5) (5.74 atm.) 
Cap = ХАОРО = ОУ ашы — = 0.1 ром 
ЕТ lam 
о (0.082 Ed (350°К) 
nstant: k= Е[1 11 
Rate constant: к= ку exp[E ft ij 
2 70,000 101 
шаал exp| 8.314 Би ij 


= 0.035 exp (8419.5 һа NO 1) 


273 Т (1) 
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Equilibrium constant: 
AHg (Тр) = 2Нс - Ha - Hg = 2(-45,000) + 40,000 + 30,000 = -20,000 J/mole 
АС, = 2Сре - Ср, - Ср, = 2(20) - 25 -15 =0 
So AHg (Г) = constant = -20,000 J/mole Q) 


Kc e Ка ex [АВВ] 


-20,000 
Kc = 25,000 exp [2000 C1. 1] 


Kc = 25,000 exp [-2405.6 (1-- 1) 


298 Т (3) 


k and Kc can be calculated by equation (1) and (3) if T is given. 


CA = Си -Xf 
Св 2 Са -Xf where f = 10 


Cc =2Cao X f 
Substitute Ca, Cp, and Cc into Kc 


2 
Kc 4Cio Х2 t? ..AXl 
Cło (1- X} f? (1-Х) 


(4) 


YKc 
2-ҮКс (5) | 
Calculate 4К, as а function of temperature from equation (3), substitute in equation (5) | 
to get Ха as а function of T. Energy balance for adiabatic condition 


-X Ану = E Ө Ch (T- To) (6) 


Өд = Өв = 1, Өс=0 , То = 350К 
Substitute : + 20,000Х = (25 + 15) (Т - 350) => Т = 500X + 350 

or X = 0.002 (T - 350) (7) 
Equations (3) = (4): 


AX? 
(1-Х)? 


= 25000 exp [-2405.6 ВЕНЕ 
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Xeq = 0.8667 


0.85Х„ = 0.7366 = 0.7 


(а) Plug flow reactor design equation: V = Fao E (8) 
Rate law: sank [Caco] 
5 (234 
жекс ах K Ж 
5о ева | — a зшщ | me: 
с 211 .хр.4Х2| (0.1)? J, 
AO Jo К la xy 23 
У = 122 х 105 | «ок where f(X) = — 
21 .xg.4X2 
° Бі la xf El (10) 


To evaluate the integral, we need to evaluate КХ) as a function of X. This is done in the 
table below: 


X TK Ke k fx) 
(eqn. 7) (eqn. 3) (eqn. 1) (eqn. 9) 
0 350 7534.8 30.96 0.0323 
0.1 400 3191.1 626..1 2.58 x 103 
0.2 450 1635.9 6491.5 3.98 x 104 
0.3 300 958.5 4.216 x 104 9.89 х 105 
0.4 550 618.9 1.949 х 105 3.53 x 105 
0.5 600 429.9 6.978 x 105 1.70 x 105 
0.6 650 315.8 2.054 x 106 1.08 x 105 
0.7 700 192.8 1.155 x 107 4.98 x 106 


The integral can be evaluated using Simpson's rule for the first six segments and 
trapeziodal rule for the last segment. 


7 
Is [ f(X) dX = LL [0.0323 + 4(2.58 x 10-3) + 2(3.98 х 10-4) + 4(9.89 х 105) 


+ 2(3.53 x 105) + 4(1.70 x 105) + 1.08 x 105] + {ов x 105 + 4.98 x 105] 
[= 1,5 х 103 


Verg = (1.2 x 105)(1.5 x 103) = 1801. 
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‚ Exothermic, adiabatic 


О distance down the reactor 
(с) CSTR design equation: УТА XA 


у TN 
ke Cho £2[(1-xP- 4€] 


1500L x (0.1)? (mol)? 
EX eT аж — ái 1 = 0.0125 
2|]. xg -4X2 1200 Hs 
kf Ї Xy Kel fin 
2 
1-xp- £X. = go-X— 
= zn 
1-2Х + Х2.4Х2 = 80X 
Kc f?k 


(x) - px +1 0 


mj. ж =2 + 80. 
Кеб) =1 ка a are 


(11) 
af x = b2£ Vbi - 4bi 
2b2 (12) 
Nonadiabatic energy balance: 


МА (T -T,)- => 6. : 
Fao (T - ТА) - XAHg = Ө; С; (T- То) 


“10S x2 3.6 x 1051 
= х тх hex TW (1: 290) + 20000Х = 40(T - 350) 
mun 


-T + 290 + 20,000X = 40T - 14,000 
Т = 348.5 + 487.8 Х (13) 


So the procedure to calculate X is as follows: 
1. Choose increments in T and calculate X as a function of T from equation (13). This is 
the value given by energy balance. 
2. Choose increments in T and calculate bj and 52 from equation (11). (Kc and К can be 
calculated from equation (3) and c1) respectively.) 
3. Calculate X, discarding X > 1 or X <0. This is the value of X given by material 
balance. 
4. Plot X vs. T given by equation (13) and (11) on the same graph. The шенеп 
the conversion in the reactor. А typical graph looks like the following: 


Operating point 


The actual calculation gives: X = 0 which is the conversion in CSTR. 


d) The same equations can be used except that АН, = 20000 and T, = 550K. The 
following graph shows the equilibrium conversion for this case. 


Conversion vs temperature 


0 50 100 150 200 


250: 
Temperature ; 


——— eee. 


The following POLYMATH program gives the PFR volume necessary to get a 
conversion of .65. 


See Polymath program P8-29.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


V 0 0 1.0Е-08 1.0Е-08 

Х 0 0 0.6495463 0.6495463 
Fao 1200 1200 1200 1200 

т 550 225.22683 550 225.22683 
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Сао 0.064 0.064 0.064 0.064 


то 550 550 550 550 

k 1.949Е+05 5.047Е-05 1.949Е+05 5.047Е-05 
Кс 1.01Е+06 1841.4832 1.01Е+06 1841.4832 
f 1 1 2.4419826 2.4419826 
Ca 0.064 0.0547713 0.064 0.0547713 
Cb 0.064 0.0547713 0.064 0.0547713 
Сс 0 0 0.2030311 0.2030311 
га -798.17344 -798.17344 -1.503Е-07 -1.503Е-07 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
11 d(X)/d(V) = -ra/Fao 


Explicit equations as entered by the user 
11 Бао = 1200 

2] Т=-500"Х+550 

31 Сао = .064 

41 То = 550 

5j k= .035*exp(8419.5*(1/273-1/T)) 
6] Ke = 25000*exp(2405.6*(1/298-1/T)) 
71 f=To/T 

81 Са = Cao*(1-X)'f 

9] Cb = Cao*(1-X)*f 

(101 Cc = 2*Cao*X"f 

1111 raz-k'(Ca*Cb-Cc^2/Kc) 


The CSTR conversion can be found similarly to the equilibrium conversion. The 
following graph was made to find the conversion. 


Conversion vs temperature 


0.8 -— 


230 280 330 380 
Temperature 


The graph shows a conversion of .39 at a temperature of 351.8К 
е) If the reaction is left in a large enough volume it will “runaway’. If any of the 
quantities get bigger, then it will run away even faster. 


f) The ambient temperature around the CSTR has little effect on the conversion in 
the CSTR. 


P8-30 (а) 
P8-6 is adiabatic so the radial reactor has no effect on it. 


Р8-30 (b) 


8-95 


ФУ Бр 
=r; = КС, 
dy _-@ 
dW 2y 
2h 
ar UO T) (страно) 
aW FC 


Since h and p are unknown, we will assume that they are both equal to one. 


We will also assume that г varies as УУ? varies. 
50: 


ат UOT, -т)+(-%)сан,) 


aw Eo 
555 5 
uu ҖЕ Т 
WAT 


See Polymath program P8-30-b.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


W 0 0 50 

У 1 0.8062258 1 

X 0 0 0.7845538 
т 450 450 756.08452 
Бао 5 5 5 

alpha 0.007 0.007 0.007 

Ta 300 300 300 

анк1 ~2.0E+04 -2.0Е404 -2.0Е+04 
Wo 0.01 0.01 0.01 

то 450 450 450 

Е 3.14Е+04 3.14Е+04 3.14Е+04 
В 8.314 8.314 8.314 

Сао 0.2498645 0.2498645 0.2498645 
х1 0 0 784.55376 
yl 1000 806.22577 1000 

U 5.0Е+04 0.9244844 5.0Е+04 

k 1 1 29.893648 
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final value 


50 
0.8062258 
0.7845538 
756.08452 
5 
0.007 
300 
-2.0Е+04 
0.01 
450 
3.14Е+04 
8.314 
0.2498645 
784.55376 
806.22577 
0.9244844 
29.893648 


Са 0.2498645 0.0320395 0.2498645 0.0320395 


се 0 0 0.2333455 0.2333455 
ср 0.2498645 0.0320395 0.2498645 0.0320395 
Kc 1635.8981 187.88715 1635.8981 187.88715 
ra -0.0624323 -0.1234947 -0.0220235 -0.0220235 


ODE Report (RKF45) 


Differential equations as entered by the user 

11 d(y)/d(W) = -alpha/(2*y) 

21 d(Xyd(W) = -ra/Fao 

31 d(T)/d(W) = (U*(Ta-T)-+(-ra)*(-dHr1))/(Fao*40) 


Explicit equations as entered by the user 
11 Fao=5 
21 alpha = .007 
31 Та = 300 
41 dHr1 = -20000 
1 Мо=.01 


81 А = 8.314 

91 Сао = 9.22/(.082*450) 

101 X1 = 1000*X 

111 уі = 1000" у 

12} U = 5*(Wo^.5/(W^.54-.000000001))^.5*(T/To)^.5*y^.5*(14X)^.5 
(131 k = exp((E/R)*(1/450-1/T)) 

[14] Са = Сао*(1-Х)*То/Т 

[15] Сс = 2*Сао*Х*То/Т 

[16] Ср = Са 

[17] Кс = 25000*exp((dHr1/R)*(1/298-1/T)) 
[18] га = -К*(Са*СЬ-Сс^2/Кс) 


$00 
720 
640 
560 
480 


400 
0 
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= pV = prh => dW = 2nprhdr 
Material balance: БА - FAl ac + ГА AW =0 
Fal, - FA, Ac + 2xprh (ra) Ar = 0 
Taking the limit as Ar — 0 


ЧА = (rA) 2 2xprh 


Fa = Fao (1-ХА) = А = -Fao 2 Xa 

. Ха _ 2) (ra) 
зо: = PD (1) 
Ot: dX, = „А. (2) 


dw Fao 


Assuming pressure drop is negligible. The rate equation is: 
== ЭГ е) 
Pso, “КЬ Pso, 
The stoichiomery: 502% Lo; = SO; 


А+ІВ = С 


8 = -0.5, yao = 0.11 ~ = = улоб = -0.055 ; Өс = 0; Өв = 10 = 0.91 


Рао, = Psom ire. ; Рао = Psou улде: Ро, = Р Dua) 
Then: ч, ko а)” ло ы, а 2 
Equation (3) is true for ХА < 0.05 
for X4 2 0.05 
-rA = k(t) (4.35) (022 10350023. TEYT S 
-ra = k(t) [в - сы (4) 
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Energy balance: 


Fao (28; Са + X AC, Tl. - Едо (26; Cy, + AC, X) Thear 


+ rA AW (АНА) - Q)(AA)U (т) (Т-ТА) -0 
or: Fao (£6; Са + X АС») Tl, - Fao (28; Cp, + АС, X) Tha 


+ ra 2xrhp (AHg) Ar - (2) (2лг Ar) Џи) (Т-ТА) = 0 
Taking the limit as Ar — 0: 


Fao (28) Cp, + X АС.) сг = -U(r) 4xr (Т-ТА) + (тд) (САН) 2лтар 


Rearranging: 


dT _ -Ult) 4x (Т-ТА)  (-rA) [-AHg) 2лтар 
x Ело (28) Ср, +X ACy) 


-U(r) 2& (T- T4) + (га) -AHg) 
ыы 
dw Fao(Z6; Ср, + X АСр) 


Assume that: Ut) = шы)” ; о = Золе (1 +x) 


Therefore: Utr) = Uro) 2) 002 (1 - 0.055%Х д? 
© 
From example 8-10, we have: 


Kp = exp езгі -1 124] (Kp inatm!2 , T in °В) 


К = exp |6008. 110.1 in T +91284] 


AHg(T) = -42,471 - (1.563ХТ - 1260) + (1.36 х 103) (212602. 


2 MT? - 12603 -Bu 
(2.459 x 10 1 3 where AHR їп хо 
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(9) 


(5) 


(6) 


(7) 


(8) 


X8; Ср, = 57.23 + 0.014Т - 1.788 x 105 T? (10) 


Since equations (1) to (10) must be solved together as two pairs of coupled differential 
equations, they must be solved on a computer, employing numerical methods such as 


Runge-Kuna. The results follow: 


0 4 8 12 16 20 24 8 32 > 4) 4 48 52 5 6 
Y (1: 


0 4 8 1216 2% 18 12 36 40 4 8 о 
LAE! 


P8-30 (d) 
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ах -2nrhp(—r.) 


— — 


dr Fio 


dT U (r)4zr(T, -Т)-(-ғ)(-АН,,) 
ағ Fo (Cra +С) 
2201 


r 


Now put these equations into Polymath to generate the plots. 


See Polymath program P8-30-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


r 0.5 0.5 1000 1000 

X 0 0 1 1 

T 350 350 493.0235 373 

Ta 373 373 373 373 

dHrx -2.0E404 -2.0Е+04 -2.0Е+04 -2.0E+04 
Fao 1200 1200 1200 1200 

Cpa 25 25 25 25 

Cpb 15 15 15 15 

h 0.5 0.5 0.5 0.5 

ro 0.5 0.5 0.5 0.5 

To 350 350 350 350 

E 7.0Е+04 7.0Е+04 7.0Е+04 7.0Е+04 

к 8.314 8.314 8.314 8.314 

Сао 0.1 0.1 0.1 0.1 

U 33.3 0.769425 33.3 0.769425 
k 30.955933 30.955933 3.398Е+04 136.44189 
Са 0.1 -2.608E-10 0.1 -3.125E-17 
ra -3.0955933 -3.0955933 2.09Е-06 4.264Е-15 


ОПЕ Верог! (ВКЕ45) 


Differential equations as entered by the user 
1] d(Xyd(r) = -2*3.1416*һ*га/Ғао 
121 d(Tyd(r) = (U*4*3.141 5*r*(Ta-T)+(-ra)*(-dHrx))/(Fao*(Cpa+Cpb)) 


т 


xplicit equations as entered by the user 
1] Taz 373 

21 dHrx = -20000 

[3] Еао = 1200 

4j Сра=25 

5] Cpb-15 
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[6] hz.5 

[7] ro=.5 

[8] То = 350 

[9] Е = 70000 

[10] В= 8.314 

[11] Сао = .1 

[12] U = 33.8"*(ro/D)^ 5*(T/To)^.5 
[13] k= .035*ехр((Е/А)*(1/273-1/Т)) 
[14] Са-Сао%1-Х)(1-Х)“То/Т) 
[15] та = -К*Са 


ыо 


Р8-31 (а) 
Mole balances: 


V= Fa- Ff, 


rate laws: 
-7 = КС, 
пакс, - C, 
г = С, 
Stoichiometry: 


Е, = 025 
11K. = .025 
Е. =.023 Е, =.023 


From this we can use two of the mole balances to solve for T 
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Ро Р, Е 


— с 


KF, АҺ 


1 01 

А, en EIT т А, E 

Т =269°F 
P8-31 (b) 

Knowing the temperature we can then solve for the Volume: 
Бу 1, 3 
—á — = 119 
КЕ -kF T 

P8-31 (с) 


We then need the energy balance: 


UAIT, - T) - EC, (T - 1) + (АН, (и) + АН, (55) -0 


Solve for А and we get: 


А = 399 ft 


Р8-31 (d) 


In order to get multiple steady-states, the kappa, tau and feed temperature had to 
be changed. K = 0.1, т = 0.0005 and T, would be changed around. 


This first graph is G(T), R(T) vs T at T, = 2000 ^F 
20000 - 
15000 T 
10000 t 
5000 T 
о 4 
-5000 1 


-10000 ` 
As can be seen there are three steady-states. 
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acerca UE НН НЕ 


P8-32 (a) 


Energy balance 
ат _ ба/р,(,- T)+(-nJ- (Т,)] 
dW Ер(У,0,С„ + ХАС, ) 
ат _ Ual p(T, -Т)+(—т,}]-АН,(Т,)] 
dW і ЕС 
Mole balance: (25 = 2А. 
а" Fo 


„сак 
Pressure drop: -iy 2y rut) 


Rate law: -rn =k 


Stoichiometry: C, -с4 
dd ^t — 


А Е( 1 1 1 1 
Evaluating the eters: k= =|-- — | |= TO о 
ах us 520 г) езр|3762 450 | 


Plugging these equations into POLYMATH we get the following plots. 
See Polymath program P8-32-a.pol. 


OLYMATH Results 
Calculated values of the DEQ variables 
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yariable initial value minimal value maximal value final value 


М 0 0 50 50 

У 1 0.6823861 1 0.6823861 
т 450 310.69106 450 310.69106 
X 0 0 0.175758 0.175758 
U 5 5 5 5 

a 0.007 0.007 0.007 0.007 

To 450 450 450 450 

та 300 300 300 300 

dHrx -2.0Е+04 -2.0Е+04 -2.0Е+04 -2.0E+04 
Fao 5 5 5 5 

Cpa 40 40 40 40 

k 1 0.0232094 1 0.0232094 
Сао 0.25 0.25 0:25 0.25 

Са 0.25 0.0825702 0:25 0.0825702 
ra -0.25 -0.25 -0.0019164 -0.0019164 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
[1] d(y)/d(W) = -a/(2*y)*(To/T)*(1+X) 
(21 d(T)/d(W) = (U*(Ta-T)-ra*dHrx)/Fao/Cpa 
[3] d(Xyd(W) = -ra/Fao 


Explicit equations as entered by the user 
[1] Ч=5 
[2] а=.007 
[3] To = 450 
[4] Та = 300 
[5] dHrx = -20000 
[6] Fao=5 
[7] Сра = 40 
[8] К= exp(3776.76*(1/450-1/T)) 
[9] Сао = 25 
[ 
[ 


500 


Р8-32 (b) 
From the Polymath summary table, it is apparent that the maximum value for -ra occurs at the 
beginning of the reactor. 


Р8-32 (c) 


8-105 


The maximum value for the temperature also occurs at the beginning of the reactor. 


P8-32 (d) 


Doubling the heat-transfer coefficient causes a decrease in the temperature, the conversion, and the 


pressure drop. Halving the heat transfer coefficient casuses all three to increase. 


P8-33 
Mole balances 


ү = Yo(Cao - CA) М= у (Сво – Св) 


-TA -Үв 
Ip Ty 


Rate laws: 
-Їд = КСА + к-Ср Ip = k,Ca 


Ір = k,C At k;Cg Ty = КО Св 
Energy balance: 
~FaolCpa(T-Tao)+Cpa(T - Teo) | + Ува (АН (Та) +ACpi(T- Та) + V(ra2 (AH (Ta) + ACpa(T -Та)) 


Evaluating the parameters: 
T=400K 


к. = 1000exp{- 2002) =673 Кра 2000exp{ -220| =111 


АСы =50-20-30=0 AC, = 40-30-20=-10 


Едо _ 60 dm? 
Vo € шт — = — = 
° Сао 01 6000 nin SRM 
Simplifying: 
Ca =t*ry * Cao Св = 7418 + Сво 
Cp 7 t*rp Cy =t* ry 
va 171000 
20190 • C4 +6660 * Св 


We can plug those into POLYMATH and find the exit concentrations of U 
and D and find the volume of the CSTR. 


See Polymath program P8-33.pol. 


POLYMATH Results 
NLES Solution 
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Variable Value f(x) 


Ini Guess 


0.0016782 -1.472E-16 0.0017 
0.0016782 -1.472E-16 0.0017 
0.0071436 -1.154E-16 0.0072 
0.0011782 -2.017Е-17 0.0012 
3794.94 1.018E-09 3794 


.0018628 
„0131572 


1 
0 
0.0112944 
0 
0 
0.0131572 


NLES Report (safenewt) 


Nonlinear equations 


1] 
2] 
3] 
4] 
5] 


Expli 
Y 


P8-3 


f(Ca) = tau*ra+Cao-Ca = 0 

f(Cb) = tau*rb--Cbo-Cb = 0 

f(Cd) = Cd-tau*rd = 0 

f(Cu) = Cu-tau*ru = 0 

КМ) = 171000/(20190*Ca--6660*Cb)-V = 0 


cit equations 

Cao = .01 

Cbo = .01 

мо = 6000 

k126.73 

k2 = 1.11 

tau - V/vo 

rd = k1*Ca 

ru = k2*Cb 

ra = -k1*Ca-k2*Cb 
rb = ra 


3 (b) 


V = 3794 dm? 


P8-3 


3 (с) Individualized solution 
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Solutions for Chapter 9 – Unsteady State Nonisothermal 
Reactor Design 


P9-1 Individualized solution 


Р9-2 (а) Ехатрје 9-1 


The new ТО of 20 °F (497 °R) gives a new AHg, and T. With T=497+89.8X the polymath program of example 9-1 gives 
{= 8920 s for 90 % conversion. 


Р9-2 (р) Example 9-2 
To show that no explosion occurred without cooling failure. 
Isothermal operation throughout (T = 175°C) 


Maximum cooling rate: 


Q,  UA|448 - 298] = 142 *150 
= 21300. BTU/min 


Maximum Q, at t = 0 (maximum concentration and reaction rate) 


Q, =k--4 a * V(-AH,.) 


* 
z 0.0001 ШЕ: 2 ШЕ * 105 
‚5.119. 


= 15914.2 BTU/min 


For all t: 
0,<0, Мо explosion 


9-1 


To show that no explosion occurs with cooling shut down for 10 mi. after 12 hrs. 


Isothermal operation for 12 hrs (at T z 175°C) 
; Y 1 Y 6.- 2 

а жга 1 15 By 2x 
KN go 8, - 22) 6, x) 

Е pae 

8,1) 

3.64—2x = 1.276 # 3.64(1— x) 

х = 0.38 


Q, att = 12 hrs. 


0, = қү! ala a (~AH,,) 


T 38)6,-2% * 38) 
5319. 


= 0.0001167 2.34 + 10$ 


= 77844 BTU/min. 
Adiabatic operation for 10 min. UA = O 
After 10 minutes 


x = 0.385, T = 184°C 
Q, = 10000 BTU/min. 
When we restart the cooling flow rate 
Ола = 21,300 BTU/min. 
Temperature kis on to 175°С 


P9-2 (c) Example 9-3 


Decreasing the electric heating rate (Tedot in БИЕ. program from example 9-3) by a factor of 10 gives a conversion 
of 9.72 % at the onset temperature. For a decrease by a factor 10 the conversion is 2.49 %. The higher conversion of a 
lower heating rate is logical since the time it takes to reach the onset temperature is longer and the reactants have a 
longer time to react. 


Р9-2 (4) Example 9-4 
Decreasing the coolant rate to 10 kg/s gives a weak cooling effect and the maximum temperature in the reactor becomes 
315 К. An increase of the coolant rate to 1000 kg/s gives a Tmax of 312 K. A big change to the coolant rate has, in this 


case, only a small effect on the temperature, and because the temperature does not change significantly the conversion 
will be kept about the same. 


Р9-2 (е) Ехатрје 9-5 
Using the same code as seen in Example 9-4, we were able to change the various 
parameters. The two graphs we have show T, = 70 and 120°C, T, = 160 and 


40°C, and C, = .1 and 2. Each set of parameters had a Temperature time 
trajectory and a temperature-concentration phase plane. These are the four graphs. 


Ru 


teš ою 
KEY: 
—Т со 
+ 
125.080 * 
PR ТЕРЕККЕ ии ши мото тат 
0,000 0.806 3460) 2.00 2,2050 *. 000 
t 
вх | 
1 Startup of a CSTR Тос20, Тіш160, Са:=,1 
э 4 
H 
| 
KEY: 5.280 ага 
фен c 2 8,060 Ї 
оо | 
E Ana aR IR ыға ыры алын ЖИНДИНИ 
25.000 105.200 135.000 55.00 135.000 223.00 
Li 
2201. = ES 
| Startup of a CSTR Tos120, Тї=40, Са:=.2 
t № 
EAE 
асе | uM EDS LN CE MMC DIE а MC CEN NE AD CON ыы 
г | 
1*0. aco 
KEY: 
—Т ogan 
60.900 - 
SADID Шым не san фойе аршу келге шілде, qiti — 
таса 9.990 12845 2,1300 3.209 “ча 
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Startup of а CSTR To=70, Тіз160, Cai-.1 


а CSTR То=120 Tiz40 Саі =. 2 


YT in ee " 
| => tartup of 
| — 
алва -- NS 
| 
: % 
= 0.120 -- 
KEYS : 
Са ! 
c ово -- 
1 ч 
| х 
snart Т bs 
2.000 2 SUI TUM аманы Сыны қы СОКЕ PREISE МИ 
20.200 63.200 120,063 140.006 189.509 z20.0€ 
T 
P9-2 (f) Example 9-6 


Using the code from Example 9-5, we could produce the following graphs either by changing To and finding the steady 
state conversion or changing the coolant flow rate and finding the steady state conversion and temperature. These are the 


graphs of those: 


Conversion vs To 


€—— ———— чи и виа поета тете нанне те авна 


2) 
© 
rd 
Ф 
24 
c 
б 
o 
c——— eee RED ша 
72 74 76 78 ва 82 
То 
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PAE плуга парна tee вера вида зады 


X vs coolant flow 


pn— Ó—— ON о 


Conversion 


2000 4000 6000 
Coolant flow, mol/h 


T vs. coolant flow 


180 


oN BD 
о о 


ооо бо о 


на nem ts itii 


Temperature, F 


—À 


0 2000 4000 6000 8000 10000 
Coolant flow тойн 


e ————O— € ————————Ó ' «A ен 


Р9-2 (2) Ехатрје 9-7 


The temperature trajectory changes significantly. Instead of a maximum in temperature, there is now a minimum. 


The concentration profiles also change. Cg no longer goes through a maximum and Сс does not rise above 0. It also 
appears that there is no maximum for Са. 


It appears that because the reactor is kept much cooler with the increase heat transfer and lower coolant temperature the 
second reaction does not occur. 


P9-2 (h) Ехатрје RE9-1 

Jsing the code from Example RE9-1 , we can determine the value of k, for which 
the reactor will fall to the lower steady-state and when it becomes unstable. The 
following two graphs show those points when k, = .2 and 24 respectively. The 
third graph shows what happens when T, = 65. И becomes unstable at a much 
lower temperature. 
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, A Integral Control кс=24 
H i 
7 qas geie а 
KEY: EO do 
| ћ /N 
То 130.200-- | P 
| У ДИ 
| | i d (2 
36,050 t i of - 


| 
+ 1 
ІШ? 
128.200 шенеу жекен ————————— тим | 
2.009 9. OO 1,500 әже 26а 4,000 


ита 
— e —— шашы: ——Ó— — 
Ө. яой 3,400 2.300 3.200 сю 
ї 


Р9-2 (1) Ехатрје КЕ9-2 
Using the code from Example RE9-2 , we can change the values of k, and t, and 
find values that produce the lowest oscillations and the quickest return to steady- 


state and getting К, = 150 and т, 2.1. The following graph shows the result. 


ұзат” PI Controller kcs150 тамх,1 
—Ó——————— (— € —— 
2892 1.400: 2.700 2.200 +005 


P9-2 (j) No solution will be given 


Р9-3 


Find time to explosion 
For the unsteady-state, we assume the following: 


(3) The inlet is closed, but the outlet is not closed 


(1) Operauon is adiabatic, and PV terms are negligible so that H = 0 
Equation 8-61 reduces to: 


(САН) (чАУ) = М,Сь, чт. 

(-AHg) (ЕМА ) = МАСЫ, аг 
ЯГ... АНиха 
Ew 


k = .53 exp (44499 55 : i 60 min. 


See Polymath program P9-3.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 2.9 2.9 

T 970 970 1.119Е-23 1.119Е+23 
ан -336 -336 -336 -336 

Cpa 0.38 0.38 0.38 0.38 

k 0.53 0.53 4.438Е+19 4.438Е+19 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
[11 d(Tyd(t) = -dH*k/Cpa 


Explicit equations as entered by the user 
[1] dH --336 
[2] Сра=.38 
[3] k = .53*ехр(44498*(1/970-1/Т)) 


Р9-4 
Mole balance: 
dN 
Fy. ~ Ё, Vr, шэг 
ам 
Е. ~ Б + Vr, 6 
80 ^g 87 


ИЕН 


There is no A leaving the reactor so F, = 0. There is no B ог C entering the reactor 
so Fg, and Е = 0. The amount of B and C leaving is equal to the reaction rate 50 
Fa = Vr, and Ес = Мт, Simplifying: 


dN 
F, + Vr Tm „А. 
МИ dt 
ам, 0 
& 
АНА 
dt 
Rate law: 
rok, 
* Stoichiometry: 
„ N 
С, = ЕЭ 
Simplifying: 
nV = КМ, 


Energy balance: 


ат nVAH, = БС (15 T) 


аг “ХОС: 


Evaluate the parameters: 


7732) (800 200) 


Е = 3467 
3467 ( 1 3 
Лас ёз [зш Т | 
AH(400) = -8kj / mol = АН(800) = AH(1200) = АНС 


Assume а heat capacity for A of 20 J/molK. and assume there is no A already in the 
reactor. We can plug these equations into POLYMATH and get this answer. 


See Polymath program P9-4.pol 


POLYMATH Results 
No Title 08-11-2005, Кеу5 1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 100 100 

Na 1.0Е-09 1.0Е-09 326.10947 312.51175 
т 400 400 801.376 800 

Fao 100 100 100 100 

dHr -8000 -8000 -8000 -8000 

Cpa 20 20 20 20 
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То 400 400 400 400 
k 0.19 0.19 0.3202745 0.319988 
Vra -1.9E-10 -101.76832 -1.9E-10 -100 


ODE Report (STIFF) 


Differential equations as entered by the user 
j d(Nayd(t) = Fao+Vra 
d(T)/d(t) = ((Vra*dHr)-Fao*Cpa*(T-To))/(Na*Cpa) 


= 


к 


i21 


Explicit equations as entered by the user 


1] Рао = 100 

[21 dHr = -8000 

ІЗІ Cpa =20 

[4] То = 400 

[5] k= .19*ехр(3467/8.314*(1/400-1/Т)) 
6] Мга = -К*Ма 

М, = 326.125 


When the flow is turned off, F,, = 0 and we get this graph of T and N,. 


2000 1.0e-9 
1600 8.0е-10 
1200 6 де-10 
800 4.0e-10 
400 2.0е-10 
0 өле. A TE јаше 
Р9-5 (а) 
Mole balance : 
ам, 
лы ra.V Е = fa. У + Бро авс = ry, V 
dt dt dt 
Rate law : -ra = k(T).Ca.Cb 
Stoichiometry : Ca = nc Cb = 25 Се = Ae 
V V V 


ЇР (50) THEN (V =V, + 9.) ELSE (VzV, + 50) where Vg = 50 dm? NES 
dm тип 
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Combining : 


—ra = КТ). 2. 


V V 
He 21 
То 3! 


ko = 0.01 dm/mol.min , 
To = 300K 


Energy balance : 


k(T) = ko.exp where Е = 10000 cal/mol В = 1.987 сауток, 


ат _ 0-% У Fio.Cpi. (T — Tio) + (~AHrx(T)).(-ra.V) 
a У мі.Срі 

where О = Ws=0 

AEEx(T) = AHrx(Tref) + ACp(T-Tref) 


ы P" . 5—15 
АСр = m. Cp ——.Cpb ~ Cpa = 30-15-1520 
a a 


AHrx (273) = [0-41)-(-20)-(-15)].10° = -6000 cal/mol 
AHrx(T) = -6000 сауто! 
YFio.Cpi.(T-Tio) = Fbo.(15).(T-323) 


ENi.Cpi = NaCpa + Nb.Cpb + Nc.Cpc 
= 15Ма  15Nb + ЗОМс 
See Polymath program P9-5-a.pol 


POLYMATH Results 


08-11-2005, Rev5.1 233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
t 0 0 120 120 

Na 500 0.1396707 500 0.1396707 
Nb 0 0 42.43357 0.1397745 
Мс 0 0 499.86033 499.86033 
T 298 298 510.44411 510.44411 
X 0 0 0.9997207 0.9997207 
Еро 10 0 10 0 

Мао 500 500 500 500 

Сро 10 10 10 10 

k 0.0089352 0.0089352 10.085112 10.085112 
“о 1 0 1 0 

V 50 50 100 100 

ra 0 -0.3365379 0 -1.969E-05 


ODE Report (RKF45) 
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| 
i 
| 


Differential equations as entered by the user 
111 d(Na)/d(t) «гам 
21 d(Nbyd(t) = ra*V+Fbo 
із] d(Nc)/d(t) = -ra*V 
41 d(Tyd(t) = ((6000*(-ra*V))-(Fbo*15*(T-323))/(15*Na--15*Nb--30*NC) 
[5] d(X)/d(t) = -ra*V/Nao 


Explicit equations as entered by the user 

1] Еро = if(t<50)then(10)else(0) 

[2] Мао = 500 

ІЗІ Cbo = 10 

4] k = .01*exp((10000/1.987)*(1/300-1/T)) 
5] мо = Fbo/Cbo 

[6] М = if(t<50)then(50+(vo"t))else(100) 

7] га = -K'Na*Nb/(V^2) 


= 1.0 —— 

0.8 

-х 

0.6 

0.4 

9.2 

0. EE НЕНЫ ЕЕ 

' 0 24 48 72 96 120 


P9-5 (b) 
This is the same as part (a) except the energy balance. 
Energy balance : 


di У Ni.Cpi 
where Q z UA(Ta - T) UA = 100, Та = 323 
See Polymath program P9-5-b pol 


АТ  Q-Ws- У Fio.Cpi.(T — Tio) + (-AHrx(T)).(—ra.V) | 
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200 


0 36 n , 108 144 180 0 36 пл , 108 ім 180 
Р9-5 (с) 
This is the same as part (b) except the reaction is now reversible. 
Rate law : -ra = ki(T).Ca.Cb - k2(T).Cc 
Na Nb Nc 
Combining : та = ККТ, A, -82 (57. 
ombining (T) VY ( T 


k2(T) = ko.exp 1-1) where E = 16000, В = 1.987, 
о 


К БА 


| kos 10: Tos 200 


See Polymath program P9-5-c.pol 
0.9 


et 


0.7 440 
0.5 380 
0.4 mn 320 
0.2 260 
0.0 mea 200 ————— 
108 144 180 0 36 72 , 108 144 180 
P9-6 (a) 
dNa 
Mol balance: м = ray 
dt 
Rate law : -ra= k.Ca But Сам = Ма 
ама 
—— ш —kNa 
dt 
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i 


Na 


2-5 “а цо 
Хо Na A Nao 

Na = Nao.e * where Nao = 0.5 х 50 = 25 
Energy balance : 


dT _ Q-Ws~ 3, Pio.Cpi(T - Tio) + CARACA Y) , 
dt У Ni.Cpi Е 
О = М5 = 0 constant T 

XFi.Cpi(T - Tio) = (-AHrx)(-ra. V) 


Fco.Cpe.(T - Тю) = (-AHrx)(k.Na) 


= (-AHrx)(k.Nao.e™ ) 


(~AHrx).(kNao.e™ ) 
Fco = ci 


Cpc(T -Tio) | 
_ 25000 x 0.00012 х 25 x exp(-0.00012 x 2 x 3600) 
7 05.(100--80) 
= 3.16 Ib/s 


P9-6 (b) 
Ay = 1000Btu ЛЬ 


Nao = 25 Ib/mol 


Vo = 300 f? of which 250 fr is solvent 
a 
dt 

Fs. A, = = (-AHrx)(-ra. V) 


A 1000 
Fs = 0.0316 Ib/s 


P9-7 


9-13 


Batch problem 


Mol balance : маа = -гау Сао—- = та 
| dt dt 

Rate law:' га = К] Са cb? - k2.Cc 
Stoichiometry : Са = Cao(1-X) = 0.1(1-X) 


Cb = Сао(1.25-Х) = 0.1(1.25-X) 


Сс = Сао(О+Х) = 01Х 


к г qx 
AKT) = 22 z (s. - B 


ko = 0.002 /s, То = 373 K 


3 : 
KAT) = ko. zi HE =) where Е = 150000 J/mol., R = 8.314 Утад1.К, 


То Т 
ko = 0.00003 /s, То = 373 K 


Energy balance : 
ат -E - -АНғх(Т)). (= та. У) 
dt Yi Ni. Cpi 
where $Ni.Cpi = Nao(2:80iCpi + ACpX) 
— В Буд | 
АСр = == Cpe ~ Срђ ~ Cpa = 40 ~ 25 25 = - 10 
а а 
Cbo Cco 
8.С - ^. Cpa +, С pias 
> &.Cpi = pa+——.Gpb +. Cpe 
= 25 + 155,125 +0 = 56.25 
AHrx(T) = AHrx(Tref) + ACp(T-Tief) 
= - 40000 - 10.(Г-298) 
Уш ae 
Cao 
di 140000 * 10.(T ~ 298)]. (^ 254 
subs — Em MEO POTRETE ob TE Сао) 
dt 7 Мао(56.25 -10X) 


9-14 


where Е = 100000 J/mol., R = 8.314 Јлпо. К, 


cancelling  —- паши опита на Lir e АЕРА 


See Polymath program P9-7 pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 10 10 

X 0 0 0.2504829 0.2504829 
T 373 373 562.91803 562.91802 
k1 0.002 0.002 106.13627 106.13612 
Ca 0.1 0.0749517 0.1 0.0749517 
Cb 0.125 0.0999517 0.125 0.0999517 
k2 3.0Е-05 3.0E-05 366.75159 366.75083 
Cc 0 0 0.0250483 0.0250483 
ra -2.236Е-04 -0.1344598 8.644Е-06 1.ЗЕ-07 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
[1] d(X)/d(t) = -га/.1 
[2] d(Tyd(t) = ((40000+(10*(T-298)))*(-ra)*(1/.1))/(56.25-(10*X)) 


Explicit equations as entered by the user 
[1] kt = .002*exp((100000/8.314)*(1/373-1/T)) 
[2] Са-.1%1-Х) 
[3] СЬ= .1*(1.25-Х) 
[4] k2 = .00003*ехр((150000/8.314)*(1/373-1/Т)) 


[5] Сс= .1*Х 
[6] га =-((К1*(Са^.5)*(СЫ^.5))-(К2*Сс)) 
600 -------- 


540 


480 


t 
Cc ki 
Check answer: ——— ш e- 
4чСа4СЬ k2 
0.02504 106 


= 0.289 


17007495 x 0.09995 3.67 
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Р9-8 (a) 


Use Ројутаћ to solve the differential equations developed from the unsteady state heat and mass balances. 


See Polymath program P9-8-a.pol 
POLYMATH Results 
No Title 08-11-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


t 0 0 300 300 

Сс 0.1 0.1 205.63558 205.63558 
Cs 300 43.080524 300 43.080524 
T 278 278 333.55016 333.55016 
Iprime 0.0866522 6.499E-04 0.3593146 6.499E-04 
Km 5 5 5 5 

mulmax 0.5 0.5 0.5 0.5 

Yes 0.8 0.8 0.8 0.8 

mu 0.0426159 2.912E-04 0.1725264 2.912E-04 
Q 0 0 0 0 

Cps 74 74 74 74 

Hrxn -2.0Е+04 -2.0Е+04 -2.0Е+04 -2.0Е+04 

V 25 25 25 25 

rho 1000 1000 1000 1000 

rg 0.0042616 0.0042616 24.727101 0.0598648 
Cpc 74 74 74 74 

rs -0.005327 -30.908876 -0.005327 -0.074831 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] d(Cc)/d(t) = rg 
[2] d(Cs)/d(t) = -rg/Ycs 
[3] d(Ty/d(t) = (Q+(-Hrxn)*(rg))/(rho*Cps) 


m 


xplicit equations as entered by the user 
[1] Іргіте = (0.0038*T*exp(21.6-6700/T))/(1+exp(153-48000/T)) 
21 Кт=5.0 

31 ти1тах=0.5 

4] Үсѕ = 0.8 

5] ти = mutmax'lprime*(Cs/(Km-4Cs)) 
6j Q=0 

71 Срѕ = 74 

8] Hrxn = -20000 

91 V=25 

10] то = 1000 

11] гд= mu*Cc 

121 Срс = 74 

13] rs=-rg/Ycs 
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340 


326 


312 | 


298 


0 60 120 . 180 240 300 0 60 120 , 180 140 300 


0.24| 
0.16} 


0.08F 


0 60 120 , 180 240 


P9-8 (b) 

When we change the initial temperature we find that the outlet concentration of species C has a maximum at То = 300 
В 
64 
48 


32 


16 


280 2907 300 то 310 320 330 


Р9-8 (с) 

Cc can ђе maximized with respect to То (inlet temp), T, (coolant/heating temperature), and heat exchanger area. 
Therefore, if we are to find the optimal heat exchanger area the inlet temperature and coolant/heating temperature needs 
to be specified. If we take Ty = 310 and T, = 290 we find that the optimal heat exchanger area is an infinite amount of 
area. As А increases Cc increase without a maximum in 24 hours. Cc = 118. 


Р9-9 
First order liquid phase, CSTR 


First solve the steady state problem for the heat exchange area А for normal operation 
T2358 К. 


Mol balance : (Cao - Ca) ТРЕ асл _ D^ жш OF аў dce _ 0 
1 dt t dt 
( ki ) Е Ё 
Inc NIS ЕЕ m 
КОР RT2 RTI 
EK Mapa А а 
RT2 RTI 8314(323) 8.314(313) 
94852 = I/ mol K 


— 1 
к = 1) [2107.4/min for T = 358 К 
313 Т 


Steady state solution : 


2 
у тш Жа 2 = 0.47 min 
и 500 


Сло=2 М = 2*90 = 180 g/dm? 
Ca = Cag + TA Te 180 + 0.4 rA 
Cg =- ra T=- 04 ta 

ТА = К.СА 


Са = 180 - 107.4 (0.4) СА 


180 ” 
gu по ЛЕТИ 


1+ (0.4* 107.4) 


тд => 1074 * 4.1 =. 440 g/min.’ 
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Св = - ( - 440) 0.4 = 175.9 g/dm? 


ат _ 0-%%-}у Fio.Cpi(T ~Tio)+(-AHra\(-ra.V) 6 


~ al : = d ritmi mus t Tir entente m stb 
Energy balance d У Ni Cpi 


Q = UA(Ta - T) = (120*60)AQ73 - T) 
Fao Cpa-(T - Тао)  90000*2*(T - 313) 


А = 
72000273 – 358) 


Use the unsteady state equations to determine what heat exchange area A will give а 


runaway reaction. 


where V Ni.Cpi = Ср psa У = 2 x 900 x 200 = 360000 J/K 


See Polymath program P9-9.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 10 

Ca 180 4.1007565 180 

Cb 0 0 175.89924 
T 313 313 357.97719 
tau 0.4 0.4 0.4 

A 22.696 22.696 22.696 

k 1.1 1-12 107.23721 
у 200 200 200 

га -198 -439.75367 -198 

Na 0.9 0.0205038 0.9 

Nb 0 0 0.8794962 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Ca)/d(t) = ((180-Ca)/tau)+ra 
[2] d(Cb)/d(t) = -ra-(Cb/tau) 


180000 G98 = 313) F eee) 


J/min 


l/min 


=22Лт? 


final value 


10 
4.1007565 
175.89924 
357.97719 
0.4 
22.696 
107.23721 
200 
-439.75367 
0.0205038 
0.8794962 


131 d(T)/d(t) = ((7200*A*(273-T))-(90000*2*(T-313))+((-250)*ra*V))/(2*900*200) 


Explicit equations as entered by the user 


[1] tau = .4 

[2] А = 22.696 

[3] k= 1.1*exp(11409*(1/313-1/T)) 
[41 V=200 

[5] ra=-k*Ca 

[6] Na = Сам 

171 Nb = Cb/V 
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310 


0 2 4 6 8 10 


A sensitivity analysis for different values of А show that а new steady state is reached 
at every new А but at an increasingly higher T. The required А depends on the 
definition of reactor runaway. 


P9-10 (a) 
X = У 6, Ср,[(7 -7,) C AH x )] (1) 


X=1 > T=T; gives 
1= > Ср, (т, -1, ДЕ АНЬ ) TT 


- (-АН,) 
(т, - Је оса 


P9-10 (b) 
C, = Со - X) Q) 


X = У Ө,Ср,[(Т -Т,)(-АН,) 
Insert (1) in (2) 


> ОС, 
ао e TT (3) 
A 40 A0 ( 3721 5] 


For X= 1, Т;= T expression (1) becomes 


-АН,, 


-AH x = 9.0,Cp, (T -1,) = T, E 37773 | 


Insert the inverse of (4) in (3) 
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taser RAS 


сл алт алс mur AN aS ee 1-88 
A A0 A0 (r, -Т,) Т, -T, 


C, = C4,(05 - X) (5) 


Remember that Cpo is not constant here. Similar to Ca, use equations (1) and (4) 


2,9,Ф (r -1,) (r -7,) (7-1,) 
C=C a= С" --041Т-1,)-С,,-С i= Co -Ө, · ол (С = 
B B0 A0 C жа a) во A0 Т, 2 во B Im AO Т, =], 
Ө„.Т,-Т+(Т,-Ө„.Т,) 
A0 T, EA 
For developing —4 use 
С,=С т (6) 
А А0 Т, X 
©,-T, -T+(T, -9, -T, 
Св = С» L— е; 2 0) 
Т, =T 
-r, =. С“. СЁ (8) 
Insert (7) and (8) in (9) 


cmt ce (0, -7 -Т(г,-ө,1,)) _ | 


еба (т, -TF ; e, - T, =Р +(T, -9, T,) | 


P9-10 (c) 


The unsteady energy balance for a batch reactor is showed in equation 9-11. 


dT _Q+W, (САН) (Ст) 
dt У МСр, 


Adiabatic operation (Q —0), neglecting W, and assuming ACp=0 gives the following using the expression for -гд: 


9-21 


ат (-АН,) 


ГЭВ ТЭХ? op 8 
(-AH,,) Ne ae o d ) (г, -Т) (ө, T, -TAG -9, ту] 
ӨСЕ Са Tn" 


| айь etur rs run ron 


P9-10 (d) 


Put a = 1, B= 1, Өв = 3 in the equation from part (c) 


а [pnta сб 1) вл, тээл 


У ос, (r, erm 


ЕН -1) 0-1, -Т-2-1,) 


P9-10 (e) 


Use the reaction constant expression from the great Swedish chemist Arrhenius and develop expression from 9- 10d. 


т саш) еса би (т, -1)-(3-7, -T+(%-3-%)) | 


> 0 Ср, | (т, -1,) 

ат 

di кок Mie ажы 
(r,-T)-(3-T,-T+(%-3-%)) (г-т,) 5 ox ae 

zr 
li ios. cete Rer. ee 
(T, - T) (3-7, - T (7, -2-1;)) =) |) RT RT 

P9-10 (f) 


First use a plot of T vs. t to get То (329 К) and Т; (439 К). Checking the concentration of species B gives 65-3. Make а 
table showing t, T, dT/dt, left hand side of equation P9-10.7 and 1/T. Plot left hand side of equation P9-10.7 vs. ИТ in 
Polymath and use linear regression to get E from the slope and k, from the intercept. 

Regression equation as shown in Polymath: 


у = а0+а1-Т inverse = -8944.2-T | inverse 17.534 


Activation energy and Arrhenius constant from slope and intercept: 


slope = -E — E = -8944.2 -8.314 = —74.36 kJ/mol 


9-22 


(1-5) ) RE 


neglect 


a0 217.534 = In 


&-С„ | E k -67 12100 
ту то кт (12000) ^ 67 


Р9-10 (2) 


Follow the procedure from example 9-3 gives heat of reaction. 


Х-1 and T=T; gives 


-АН,-Уөс, -(r-1,)-lc,, *e,-C,, г, -Ћ) 


= (189.7 +3.75.4- 
mol · 


- y 429 - 329) = -45.757 то 


P9-11 (a) 
Mol balance : 236 = raV ЫМ = та 
dt dt 
М 
T - 2.ra. У + Fbo Fbo = Соло, = 41% 
Мају СЭЛЖ 
dt 
Rate law : - га = К.Са.СЬ? 
80 
КТ) = 0.0005exp еа zs 2) 
19874300 Т 
Stoichiometry : Са = ae Cb = 26 Сс = АС 
У У У 
Energy balance : 
dT _ О ~ Ws ~ >, Fio. Ср (1 ~ По) + (- AHrx(T)).(-ra. V) 
di У Ni.Cpi 


where О = UA.(Ta- T) = 250.(390 - T) 


Ws = 0 AHrx(T) = -55000 
> Fio.Cpi = Fbo.Cpb = Cho. u,.Cpb = 4*v,*20 = 800, 
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xp 53 =1.298•10" 


YXNiCpi = маСра + Nb Срб + Ne.Cpe = + 20Nb + 


JT _ 250.290 - T) - 80-9. (T – 325) + ( 


— 


di 35. Na + 20. Nb + 73. № 
See Polymath program P9-11-a.pol 


didi БЭ Жылы ылы ee 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1000 1000 

Na 50 0.3324469 50 0.3324469 
Nb 0 0 5900.6649 5900.6649 
Nc 0 0 49.667553 49.667553 
X 0 0 0.9933511 0.9933511 
T 300 283.60209 300 298.76383 
vb 1.5 2.45 1.5 1.5 

k 5.0E-04 2.3E-04 5.0Е-04 4.73Е-04 
У 10 10 1510 1510 

Fbo 6 6 6 6 

Ca 5 2.202E-04 5 2.202E-04 
ср 0 0 3.9077251 3.9077251 
Се 0 0 0.0718765 0.0328924 
ка 0 -0.0028611 0 -1.59Е-06 


ODE Report (RKF45) 


Differential equations as entered by the user 

[1] d(Nayd(t) = ra*V 

[2] d(Nbyd(t) = 2*ra*V+Fbo 

d(Nc)/d(t) = -ra*V 

d(X)/d(t) = -ra*V/50 

d(T)/d(t) = ((250*(290-T))-(80*vb*(T-325))+(-55000*(-ra*V)))/(35*Na+20*Nb+75*Ne) 


3 
4. 
5; 


Explicit equations as entered by the user 

1] vbz 1.5 

[2] k= .0005*exp((8000/1.987)*(1/300-1/T)) 
3] V=10+(vb*t) 

41 Еро -4'vb 

5] Са= мам 

6] Cb = ММ 

71 Cc = No/V 

8] ra = -к*Са*Ср^2 


22 


0 200 400, 600 _ 800 1000 0 200 400 . 600 _ 800 1000 
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————— 


0 200 400 600 _ 800 1000 


A flowrate of 1.5 mol B/min would produce 120 mol C/ day , with X = 80 % and 
T<130°C at all times. 


P9-11 (b) 
If the max. coolant rate falls to 200 mol/min, then it may not be prudent to assume that 
the coolant leaves at the entering ambient temperature, Ta. It should be assurned that 
the coolant temperature varies spatially along the heat exchanger pipes and the 
required term for the heat exchange would be : 


О = m; Срса (Tal - Ta2) where Tal = ambient T coolant entering 
Ta2 = ambient T coolant leaving 


Та2-1-(1- та - ША. 
теСрсой 


The reduced flowrate and hence heat exchange, may increase the reactor temperature 
to approaching 130°C, the upper limit, at conversions approaching 80 90, and so more 
caution is required. The incorporation of temperature control would be prudent. 


Р9-12 
CSTR startup 


Need steady-state values at To = 75°F 
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ама 
Mol balance : E = Ғао--Ға--ға.У 


dCa  (Cao- Са)-9 
та 
dt V 


ась (Сьо- СЫ» 
о + га 
dt V 


dCc _ (Cco ~ Сејиг _ 


dt V 
dC. | (Cuo Сы 
dt V 
Gout? Сло = 242. = 018157 Ip шоу? 
Tio № ! 


Cho = ЕРО. = 2.2696 Љ moll fë 
De 


Cco = 0 


Cuo = M = 0.22696 Ib mol/ ft? 


eue peo puo 0932 345 194 


Rate law : - та = К.Са (Cb in excess) 
К = 16.96e12.exp| - 222 
d 987(7 + 460) 


Energy balance : 


ат. Q= MS = - > Fio. СрҚТ - По) + (-AHrx)(—ra. У) 


dro Y Ni.Cpi 
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ИЕ 


Ws = 0 

Q = по Срсо-(Та1 - Та2) = 1000 x 18 x (60 - Ta2) 
XFio.Cpi.(T - Tio) = [Fao.Cpa + Fbo.Cpb + Емо.Сры ].(Т - 75) 
АНгх = -36000 Btu/lb mol 
XNLCpi = Ма.Сра + Nb.Cpb + Nc.Cpc + Ми.Срм 


= 53Ca.V + 18Cb.V + 46Cc.V + 19.5См. У 


U 
Ta22T-(T- Тауехр - ыг 
16000 
=T= (T и өзен У 


Ta2 =Т-0.41111СТ - 60) 


ат 18000(60- (T ~ O41111(T — 60) - 22750(Т — 75) + (36000(-гаУ) 
p 735Ca V 4 18Cb.V + 46CcV +195СиУ 


Initial conditions : To = 75, T = 138.5 °F, Са = 0.03780, СЪ = 3.3062 , 
Cc = 0.0144 , См = 0.2269 Ib mol / fê 


if To drops from 75 to 70 °F 


P9-12 (a) 
P-control only : manipulated variable = me 


controlled variable = Т 


| = Uh 
ту = Meo + ke.(T - Tsp) where шс = 100010 mo 
° Tsp = 138.5 °F 
kc = 10 
See Polymath program P9-12-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
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Са 0.03789 
ср 2.12 

Сс 0.143 

Ст 0.2265 

т 138.53 

1 0 

Fad 80 

TO 70 

V 66.809193 
Tsp 138.5 

UA 1.6E+04 
Tal 60 

ke 10 

k 24.990212 
Fb0 1000 

Ето 100 

mco 1000 

ra -0.9468791 
NCp 3372.5882 
ThetaCp 284.375 
0 441.46403 
cad 0.1812152 
(01510) 2.2651902 
Сто 0.226519 
tau 0.1513355 
х 0.7909116 
тас 1000.3 
Ta2 106.23674 
Q 8.325Е+05 


ODE Report (ЕКЕ45) 


0.03789 
2.12 
0.1227539 
0.2265 
125.70694 
-39.636625 
80 
70 
66.809193 
138.5 
1.6E+04 
60 
10 
13.770535 
1000 
100 
1000 
-0.9468791 
3372.5882 
284.375 
441.46403 
0.1812152 
2.2651902 
0.226519 
01513355 
0.6775218 
872.17351 
102.00022 
6.594Е+05 


Differential equations as entered by the user 
1] «Сауай) = 1лац“(Сао-Са)+га 
d(Cb)/d(t) = 1/tau*(Cb0-Cb)+ra 
d(Cc)/d(t) = 1/tau*(0-Cc)-ra 

d(Cm)/d(t) = 14au*(Cm0-Cm) 


ай)/ай) = T-Tsp 
Explicit equations as entered by the user 
[1] Рао = 80 
2] Т0 = 70 
31 V = (1/7.484)*500 
(41 Tsp = 138.5 
5j UA = 16000 
6] Tal = 60 
[7] Кс-10 
1 k = 16.96e12*exp(-32400/1.987/(T--460)) 
j РОО = 1000 
10] Ето = 100 
mcO = 1000 
га = -k*Ca 


Lipa p 
Ul om WwW МЮ ње 


мо = Fa0/0.923+Fb0/3.45+Fm0/1.54 
Сао = Fa0/vO 

СОО = FbO/vO 

Сто = FmO/vO 

tau = V/vO 

X = (Са0-Са)/Сао 

mc = mcO--kc*(T-Tsp) 

Та2 = T-(T-Ta1)*exp(-UA/(18*mo)) 


> = > 


BO BO NM к кҥҥ 
ою о мю OND 


0.0584442 
2.1423214 
0.143 
0.226519 
138.53 
0 
80 
70 
66.809193 
138.5 
1.6Е+04 
60 
10 
24.990212 
1000 
100 
1000 
-0.7913918 
3385.3399 
284.375 
441.46403 
0.1812152 
2.2651902 
0.226519 
0.1513355 
0.7909116 
1000.3 
106.23674 
8.325E+05 


] 
] 
1 d(T)/d(t) = (-Q-Fa0*ThetaCp*(T-T0)+(-36000)*ra*V)/NCp 
1 


NCp = Ca*V*35+Cb*V*18+Cc*V*46+Cm*V*19.5 
1 ThetaCp = 35+Fb0/Fa0*18+Fm0/Fa0*19.5 
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0.053671 
2.1376461 
0.1275442 
0.226519 
128.49299 
-39.636625 
80 
70 
66.809193 
138.5 
1.6Е-04 
60 
10 
15.702753 
1000 
100 
1000 
-0.8427832 
3383.2355 
284.375 
441.46403 
0.1812152 
2.2651902 
0.226519 
0.1513355 
0.703827 
899.92991 
102.98479 
6.963Е-05 


[23] О = mc'18*(Ta2-Tat1) 


140 1100 


136 1040 


132 980 


128 920 


124 860 


120 - - | 800 


Р9-12 (р) 
I-control only : manipulated variable = me 


controlled variable = T 


k 
vanis кті where то 1000 Ib mol/h 
kc = 10, t 1 


41 
= = (Г – Тор) Tsp = 138.5 °F 


See Polymath program P9-12-b.pol 
140 
134 
128 
122| 
116 


110 
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PI-control only : manipulated variable = Me 
controlled variable = T 


kc 
те == сео + ke(T — Т5р) + 21 where то = 1000 Ib mol/h 
kc = 10, т =l 


dl : 5 
= (T — Tsp) Tsp = 138.5 °F 


See Polymath program Р9-12-с.ро1 
140 
136 | 


132 


128 


124 


Р9-13 


Мо! balance : 


dCa (Сао - Са) 
— MÀ + та 
dt 1 


Сао = 0.1 kmol/m? 
Сао = 0.1 торат? 


аср Cbo — Cb | 
eee (Cbo ~ Cb) + га Сро = Сао 


а 1 
асс (0– Cc) А 
— ШД те 68 ҮҮ т=50$ 
dt 1 
Rate law : „ та = k.Ca.Cb 
KT) = 0.б1ехр] uS am = 1) 
[19874300 T 
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Energy balance : — шинэлнэ A 


V =. T= 2 х 50 = 100 dn? 


Fao = Cao. vy = 0.1 x 2 = 0.2 mol/s = Њо (equimolar feed) 


XFio.Cpi(T - Tio)=2x0.2x (15XT - 300) = 


AHrx(T) = AHrx(To) + ACp.(T - To) 


6(T - 300) 


but ACp = 0 


= - 41000 - (- 20000) - (- 15000) 


= - 6000 cal/mol 
АТ _ 6(T -—300)--(6000).(—ra.V) 


dt 15.Ca.v415.Cb.V £ 30.Cc. V 
No control: See Polymath program P9-13-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

Ca 0.001 1.027E-04 
Cb 0.001 1.027E-04 
Сс 0 0 

т 300 300 

V 100 100 

k 0.01 0.01 

ra -1.0E-08 -0.0088037 


ODE Report (ЁКЕ45) 


Differential equations as entered by the user 
[1] d(Ca)/d(t) = ((.1-Са)/50)+га 

121 d(Cbyd(t) = ((.1-Cb)/50)+ra 

[3] d(Coyd(t) = (-Cc/50)-ra 


Explicit equations as entered by the user 

[1] У = 100 

2] К= .01*ехр((10000/1.987)*(1/300-1/Т)) 
3] ra = -k*Ca*Cb 


400 
0.0732572 
0.0732572 
0.099864 
2.574Е+05 
100 
1.893Е+05 
-1.0Е-08 
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final value 


400 
1.027E-04 
1.027Е-04 
0.099864 
2.574Е+05 
100 
1.893Е+05 
-0.001998 


4) d(T)/d(t) = ((6*(T-300))+(6000*(-ra*V)))/(15*Ca*V+15*Cb*V+30*Cc*V) 


0.10 300000 
0.08 240000 | 
0.06 180000 
0.04 120000 
0.02 60000 
он, 80 160 , 240 320 400 Ж 80 160, 240 320 


The results without control, indicate a runaway reaction, as T continues to increase 
after the concentrations have approached their steady-state values 


Control aspects : assume that the operating T should not exceed 550K, the 
boiling point of the liquid. 


Without given data for heat exchange 


Try manipulated variable = Tio (inlet feed T) 
controlled variable = T 


P-control г: Tio = IF (T«550)THEN (300) ELSE (Tioo + Ке (Т - Tsp)) 


where Tsp = 550 К, Tico = 300 К, kc = -10 


=> Tio manipulation not feasible for T control for 


any kc (requires Tio ~ - 2000 К) 


See Polymath program P9-13-b.pol 
800 | 


700 


600 


0 80 160 . 240 320 400 


Try manipulated variable = v, (inlet volumetric flowrate) 
controlled variable = T 
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400 


— 


P-control : Vo = IF (T«550) THEN (2) ELSE (Vo + kc.(T - Tsp)) 


where Tsp = 550 К, бо = 2 dm, kc = 10 
See Polymath program P9-13-c.pol 
600 


340 


480 


0 80 160 . 240 320 400 


————————ÀMB MÀ! —]'————————————— 
—_— ____———— 


P9-14 (a) 
CSTR startup 


Initial conditions : To=75, T = 138.5 °F, Ca = 0.03780, Cb = 2.12, 
Cc = 0.0144 , Cy = 0.2269 Ib mol / ft? 


If Т drops from 138.5 to 133.5 ^F 
As in P9-12 except : 


_ Fao, 1000 100 
0.932 345 154 


Uo 


"ЕР ОСИК 


а 
I-control only : manipulated variable = Fao 
controlled variable = Т. 


Fao = Faoo+ = where Faoo = 80 lb mol/h, 


say Кс = -0.2, = 0.1 
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dt 


See Polymath program Р9-14-а pol 


di 
— = (I~ Tsp) 


POLYMATH Results 
Calculated values of the DEO variables 


Variable 
t 

Ca 

Cb 


Tal 

kc 

k 

Fb0 

FmO 

mco 

ra 

NCp 

Fad 
ThetaCp 


0 
0.03789 
2.12 
0.143 
0.2265 
138.53 

0 

80 

70 
66.809193 


0.2 
24.990212 
1000 

100 

1000 


-0.9468791 


3372.5882 
80 

284 375 
441.46403 
2.2651902 
0,226519 
0.1513355 
0.1812152 
1000 
106.24535 
8.324Е+05 
0.7909116 


ODE Report (STIEF) 


Differential equations as entered by the user 
[1] «Сауай) = 1Лаи*(Са0-Са)+га 
(21 d(Cbyd(t) = 1лаи"(СрО-Ср)«та 


Tsp = 138.5 °F 


0 
-27.922973 
2.12 
-1.7469378 
0.2265 
17.999228 
-307.34656 
80 
70 
66.809193 


0.0260082 
1000 

100 

1000 
-0.9468791 
3372.5882 
-534.4229 
-3993.8255 
-224.21625 
-183.76896 
-18 376896 
-12 277456 
-118 36922 
938.55771 
34.305432 
-4.341Е-05 
-65.857622 


initial value minimal value maximal value 


4 


0.0898852 
95.168593 


0.143 


9.3421656 


138.53 
0 

80 

70 


66.809193 


138 5 
1.6Е+04 
60 

0.2 


24.990212 


1000 

100 

1000 
0.723285 


5.574Е+04 


80 


9.686Е+04 
441 46403 
364.28299 
36.428299 
24.337453 


61.10206 
1000 


106.24535 
8.324Е+05 
12.667586 


[3] 
[4] 
[5] 
[6] 


d(Cc)/d(t) = 1/tau*(0-Cc)-ra 
d(Cm)/d(t) = 1Aau*(Cm0-Cm) 


d(T)/d(t) = (-Q-Fa0*ThetaCp*(T-T0)+(-36000)*ra*V)/NCp 


4(0/40) = T-Tsp 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 


Ға0о = 80 

ТО = 70 

V = (1/7 484)*500 

Tsp = 138.5 

UA = 16000 

Та1 = 60 

кс = 2 

k = 16 96e12*exp(-32400/1.987/(T+460)) 
FbO = 1000 


150 


144 


138 


132 


126 


126 


9-34 


final value 


4 

-27 922973 
95.168593 
-1.7469378 
9.3421656 
17.999228 
-307.34656 
80 

70 
66.809193 
138.5 

1 6Е+04 
60 

0.2 
0.0260082 
1000 

100 

1000 
0.723285 
5.574Е+04 
-534.4229 
-2.3299873 
-224 21625 
-4.45998 
-0.445998 
-0.2979677 
2 3835154 
938.55771 
34.305432 
-4.341Е+05 
12.667586 


[10] Ето = 100 

1111 mcO = 1000 

[12] га=-К*Са 

[13] NOp = Ca*V*354Cb*V*184Cc*V*46Cm*V*19.5 
[14] Рао = Ғадо+(Кс/.1)1 

[15] ThetaCp = 35+Fb0/Fa0*18+Fm0/Fa0*19.5 
16] vO = Fa0/0.923+Fb0/3.45+Fm0/1.54 

171 Сро = FbO/vO 

[18] Сто = FmO/vO 

[19] tau = V/vO 

1201 Сао = Баомо 

[21] mc = mcO-kc"l 

1221 Ta2 = T-(T-Tat)*exp(-UA/(18*mc)) 

1231 О=тс*18*(Та2-Та1) 

[24] X = (Са0-Са)/Са0 


P9-14 (b) 
Ta = 55°F 


I-control only : manipulated variable = T, 
controlled variable = T 
; kc 
To = Тоо» +-— 1 where Тоо = 75 °F, 


й 


say Кс = -0.2, 1; z 0.1 
dr 
470-9) Tsp = 138.5 °F 
See Polymath program P9-14-b.pol 
150 


144 


Р9-14 (с) No solution will be given 


Р9-15 
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мимо ~ > NO + 2њо, 


ammonium nitrate nitrous oxide steam 
A B С 
Feed , mo = mao + mco = 0.83 mo + 0.17 mo (mco = 17% Паша water in feed) 
ам 
Mol balance : == = тао-О+та.У Ма = lb A, mao = Ib/h A 
Ї 
Mb 
g AR z0-mb-ra.V 
dt 
leaving : mb z: mao. СЕ pe x) = пао; 9, = 0, b/a = 1 


(X = 1, је. all of A entering reacts, but there is some initially inside) 


dMc 
на = mco = те — 2. та. У 
dt 


А Es 
leaving: mc = mao. (в-< х) = mco+2mao; Q0, c/a = 2 
а 
assuming all water entering with the ammonium nitrate leaves as steam. 


Rate law : -ra. V = k.Ca.V = k.Ma 
Ln {2 р "n NEM | 
k2 R. T R T | | 
1л i а г 


ас ашы ge каш EE i 


RT2 RT 1987(560 +460) 1987(510- 460) 
= 88500 Btu ЛЬ mol 


5 88500 1 1 ' 
k = 0.53. E jum PEU pi | 
1987 (510-460 1-460 


Energy balance ; 


aT _ Qo Ws- oa mio. o. Cpi(T ~ ^ Tio) ^ mco. (НЕ - Hio) + (-AHrx)C-ra. та. ы; 
=== РАНИ ee i ex ыы қазан | 
where Ws=0 | 
О = UA.(Ta- Т) | 
9-36 | 


Xmio.Cpi.(T - Tio) = mao.Cpa.(T - Tio) 
= 0.83 x 310 x 0.38 x (T - 200) 


mco.(Hi - Hio) = mco.[H, (T) - Hi (Tio)] 
= 0.17 x 310 x [(1202 + 0.47(Т - 500)) - 168] 


assumes all liquid water in feed leaves as steam. 


H; (T) = Н, (Tref) + Срс (Т - Tref) = 1202 + 0.47.(T - 500) 
H; (200) = 168 Btu ЛЬ 


XMi.Cpi = 0.38 Ма + Cpb.Mb 0.47 Mc 
dum ChemCAD III physical properties systems: 
Срб (N20, 516°F) = 1065 J/kg.K. (oss ви) [о 454 ij ( 
= 0.44 Выль N20. К 


220 
542K 


P9-15 (a) 
att=0 Са= 50010, T=516°F 


ат _ 10000. 5 15 ~ “Те т 97. TKT. - -200)- i :52. ла 202 + 0. x + - 500)) - 168]. + 336. 336.(--ға V) 
dro 7038 Ма 4-044. Mb + 0.47Mc- 

See Polymath program P9-15-a.pol 

POLYMATH Results 

Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 10 10 

Ma 500 399.06704 500 399.06704 
Mb 0 0 100.93296 100.93296 
Mc 0 0 201.86591 201.86591 
T 516 514.15817 517.83877 514.15817 
mco 52.7 52.7 52.7 52.7 

пао 257.3 257.3 257.3 257.3 

k 0.7028594 0.6447579 0.7677849 0.6447579 
гау -351.4297 -366.56963 -257.30162 -257.30162 
mb 257.3 257.3 257.3 257.3 

mc 567.3 567.3 567.3 567.3 


ODE Report (RKF45) 


Differential equations as entered by the user 

111 d(Mayd(t) = 310*.83+raV 

[2] d(Mbyd(t) = -mb-raV 

[3] а(Мсуай) = mco-mc-2*raV 

[4] d(T)/d(t) = ((10000*(515-T))-(99.77*(T-200))-(52.7*(1202+(.47*(T-500)))-168)+(336*(-raV)))/(.38*Ma+.44- 
Mb+.47*Mc) 


Explicit equations as entered by the user 
[1] mco = 810*.17 
[2] mao = 310".83 
[3] k =.53*exp(44540*(1/970-1/(T+460))) 
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(41 raV = -к Ма 
[5] mb = mao 
[6] mc = тсо+2*тао 


Р9-15 (р) 


UA = 10000 Btu /h.f? 


P-control only : 


500 


460 


420 


380 | 


340 


300 


manipulated variable = Та 
controlled variable =T 


Та = Tao + kc.(T - Tsp) 


where Tsp = 516 °F, kc = -5, Tao = 975 ^R = 515 ?F 


See Polymath program P9--15-b pol 


516.20 


500 


460 


420 


380 


340 


300 
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UA = 10000 Btu /h.f? 


PI-control : manipulated variable = Ta 
controlled variable = T 


Та = Tao+ke(T ~ Tsp) qm d 
Ч 


al 
а (TT: 
dt 5р) 
where Tsp = 516 °F, Кс = -5, t; = 1, Тао = 975 ^R = 515 °F 
See Polymath program P9-15-c.pol 


516.20 500 


516.12 460 


516.04 420 
515.96 380 
340 


300 


P9-15 (d) 


UA = 10000 Btu /h.f 


PI-control loop 1: ^ manipulated variable = Ta 
controlled variable = T 


Та = Tao-4Kkcl.(T ~ Туру+ n 
1 


ап = (Т ~ Tsp) 
а 


where Tsp = 516 °F, kel = -5, 111 = 1, Тао = 975 °В = 515 °F 


Pl-controlloop2: manipulated variable = mao 
controlled variable = M (= Ma + Mb + Mc) 
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| ke2 
mao = maoo + kc2.(M ~ Msp) qe Me 
a 


ёс = (М ~ Msp) 


+ 


where Msp = 500 lb, kc2 = 25, 12 = 1, maoo = 310 Ib/h 
See Polymath program P9-15-d.pol 


516.20 


P9-16 (a) 
Plot R(T) vs G(T): 


R(T) = UA(T - T) + pa C (T - 1,) 
G(T) = -AH p VkC, 
Evaluate the parameters in those equations: 


k = 2* 7.08 * 10"! exp(—30000/1.987/T) 
AH gy = > 30000 870 / Ето! 
р = 507 fe 
UA = 150 * 250 = 37500 
See Polymath program P9-16-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 140 140 
T 520 520 660 660 
анг -3.0Е+04 -3.0Е+04 -3.0Е+04 -3.0Е+04 
V 48 48 48 48 
Cao 0.5 0.5 0.5 0.5 
уо 400 400 400 400 
UA 3.75Е404 3.75Е+04 3.75Е+04 3.75Е+04 
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530 530 

50 50 

530 530 
3.0Е+04 3.0Е+04 
0.3478362 0.3478362 
0.12 0.12 
0.479966 0.0241085 
0.75 0.75 
2.404Е+05 2.404Е+05 
-5.25Е+05 -5.25Е+05 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 


d(T)/d(t) = 1 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 


dHr = -30000 
V = 48 
Сао = 5 
мо = 400 
ЦА = 250*150 
Та = 530 
Шо = 50 
То = 530 
Е = 30000 
К = 2*7.08e11*exp(-E/1.987/T) 
tau = V/vo 
Ca = Cao/(1+tau*k) 
Cp = 75 
Gt = -dHr"V*k*Ca 
Rt = UA*(T-Ta)+rho*vo*Cp*(T-To) 


P9-16 (b) 
From part (a), we find the concentration and temperatures at the points where G(T) and R(T) intersect. 
C, 20425 T=547.1°R 
С. = 0.319 Та 571.3*R 
C, = 0.068 Т=628.6°® 


53 
50 
53 
3 
16 
0. 


0 
0. 
5 
6 


0 


0 


.0Е+04 


4.49672 


75 


.711Е+06 
.825Е+06 


530 

50 

530 
3.0Е+04 
164.49672 
0.12 
0.0241085 
0.75 
5.711Е+06 
6.825Е+06 


604 _ 632 660 


The extinction temperature is То = 506°R. At this point R(T) is tangent to G(T) at the upper steady state. 


P9-16 (c) 
Using the unsteady-state equations for a CSTR we get the following 
Mole balance: 


ас, "Co Са) үс 
dt У 


Energy balance: 


а | рус. a 


See Polymath program P9-16-c.pol 
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dT UA -7)- ру,С С -АН,, КС,У 


POLYMATH Report | m 
Calculated | values of 22% variables 23 
| Initial value| (Minimal Value Maximal value Final value, 
jo: 4290427 — 15 4253139 | 
ЕГ 6046 6381791 ШЕСІ 0711 | 
ёр В 5 Es das | Jes. 5 - 
"n о пашЕ+12 — [1416E+12. 
11987000 p 987 ЕНЕ” 
“|150. нэн те. 
5, (25. 25. 


(8 48. oe | 
14| | |3.0Е+04 (3.0E+04 |3.0+04 | 
ask 5 27669 1165967 —— (75.24179 1.463353 | 
d6|au — (012 0412 | (0.1 12 © (012 | 
17ГА = -3.491943 | ІЗ. 971954 -0.4433316 -0.6223844: 
зона — |-З0Е+04 3.0404.  -3.0E+04 

| 24. 24. 24. 24. 

qe (8 ps. 5. 


1 


Differential equations 
1 d(Ca)/d(t) = rA + Саб / tau - Ca / tau 
2 d(T)/d(t) = (U * A * (Ta - T) - Fa0 * Cpa * (T - TO) + (rA * V) * деін) / (Мад * Cpa) 


Explicit equations 


Аг = 1.416 * 10 ^ 12 
R = 1.987 
5 | Џ = 150 
ЈА = 250 
| v0 = 400 
@ Ta = 530 


9-42 


Е = 30000 

К = Ar* exp(-E/ R/T) 
tau = V/ v0 

ТА = -k * Ca 

delH = -30000 

Ма0 = Сад жу 

Cpa 2 37.5 *2 


“00 12 24 . 36 48 60 ~ 00 12 24, 36 48 60 


When the upper steady state is used as the initial conditions, the unsteady-state mole balance shows that this steady state 
is actually unstable. The concentration increases and the temperature drops to the lower stable steady state. 


P9-16 (d) 
When To or T, is increases slightly, the upper steady state becomes stable. At these elevated inlet and coolant 
temperatures, the lower steady state is no longer stable. 


P9-16 (e) 
Starting at the lower steady state, if To is increased to 550 °R, the lower steady state is no longer stable, but the upper 
steady state is 


0.50 800 


0.40 740 
0.30 680 
0.20 620 


0.10 


0.0 12 2.4 3.6 4.8 6.0 5 a E : 48 6.0 


If we plot the concentration-temperature phase-plane trajectory, we see that increasing T, will shift the trajectory to the 
left. However, the final steady state is shifted to the right. This means that from the initial conditions, at any temperature 
Сл is lower for the larger T, until the minimum in С is reached. 
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0.0 — 


560 620 


T 


680 740 


Р9-16 (f) Individualized solution 


P9-16 (g) 


0.0 
800 500 


The following Polymath program gives the linear analysis of the problem 
А = 1.175, В = 6.03, J = 1600, t= .12 


See Polymath program P9-16-g.pol 


| 
i 


| 

| 

БЭ 
Bs 

|75. 

ЇР 

Н 

i 

H 


o 
2. 


e. “оос 


|628. 2 


05 


120. 
530. 


|1. 416E+ 12 


(1987. 


150. 


400. 


OE +04 


Бі. 27669 _ : 


002 


[0.0176788 


00 0225558 
10.04847 


| |5426 6046 | 
|75. 
[05 СИ 


(200. 
530. 


Л 416Е+12 


ч 5 02:04. 2 
1. 165967 


[0.12 


2 
4 dés 
0.2 


10.4290427 Е 


1638. 1791 


|в. 


05 


_ 200. 


(530. 


1. 416Е+12 р 


t. 987 
(150. 
1250. 


| ls. ОЕ+04 | 


75. 24179 | 
0. 12 
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деда тошнить ими 


A 
Ж 


|0.0176788 


|-0.0001258 | 
10.4253139 
[547.0711 


75. 


10.5 
1200. 
1530. 


| 1.416E+12 | 
| [1.987 | 


a ROM 
бо © (л 
ооо 


3. 0Е+04 | | 


Е 1.463353. | 
| Jo. 12. 


| 


1 


d 
i 
| 

4 


800 


— — PER 


[3491943 |-3.971954 |-0.4433316 |-0.6223844 | 
1-3, 0Е+04 | |-3.0Е+04 —— |-3. 0Е+04 | 22 | ЗОЕЁ4 — 
Ба ла ра ра 

Ло 

в 

|6 

ШІ 


бу ом. 
: ны 
Чан 


ph Ln. BR... 
03 (03 603. 
1.175 


| Н | 
ЕЕ — на 
ғ ! 
a 


| 
| 
E 
! 
| 
| 
| 
i 
Н H i | : 
Шаа мн ICONS РЯ Қ ақы КЕИ UNT: 


Differential equations 

1 d(y)/d(t) = (35 (1 - A) * x + (B - C) * y) 

2 d(x)/d(t) = CA * x - B * y / J) / tau 

d(Ca)/d(t) = rA + Саб / tau - Са / tau 

4 d(T)/d(t) = (U * Area * (Ta - T) - Fa0 * Cpa * (T - TO) + (rA * V) * деін) / (Мао * Cpa) 


plicit equations 
|Сра = 37.5 * 2 
| Ca0 = 0.5 
1 Ға0 = 200 
| TO = 530 
| Ar = 1.416 * 10 ^ 12 
| В = 1.987 
ТИ = 150 
| Area = 250 
9 v0 = 400 
10 Та = 530 
М = 48 
| Е = 30000 
‚К = Аг * exp(-E/ R/T) 
tau = М / v0 
15 rA = -k * Ca 
| delH = -30000 
Ма0 = Сао * V 
z -delH/Cpa / Ca0 


P9-16 (f) 


Only the lower steady state plot of x1 and y1 will be shown. 
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0.02 


эз. 


-0.10 


0.бе+0 1.6e3 3263, 4803 646-3 8.06-3 


ranm a —— ———— M —— a 


P9-17 


Batch reactor - series reaction 
Mol balance on А: — s ral 


а! =k1.Ca Са = Cao.exp(-k1 4) 


ас. 
208 ы ыз? 


Mol balance on В: 
dt 


161 =- тај = КЛ Са and 152 = k2.Cb 


Mol balance on С: 


9900 | | 
kl = Зое чм (55 = ) 
19874300 T 


1987 1500 T 


Energy balance : irn bar 
й ф У NiCpi 
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О = ЧА.(Та - Т) 


XNi.Cpi = Ca.V.Cpa + Cb.V.Cpb 4Cc.V.Cpc 


АТ  UA.(330— T) + 55000C-ral.V) + 71500(—rb2.V) 
а” 200.У.(Са + СЬ+ Cc) 

P9-17 (a) 

UA =0 шош pP IE А 


dt 200.V.(Ca + Cb + Cc) 
See Polymath program P9-17-a.pol 
POLYMA TH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
t 0 0 0.2 0.2 

Ca 0.3 1.34E-65 0.3 1.34E-65 
Се 0 0 0.3 0.3 

ср 0 -2.02Е-44 0.2895784 -1.864E-65 
T 283 283 915.5 915.5 

UA 0 0 0 0 

V 10 10 10 10 

k1 1.1172964 1.1172964 2.141Е+05 2.141Е+05 
k2 4.081E-09 4.081E-09 1.041Е-06 1.041Е+06 
ка1 -0.3351889 -35.016552 6.345E-60 6.345E-60 
rb2 0 -27.963241 2.103E-38 -3.974E-59 
rbi 0.3351889 -6.345E-60 35.016552 -6.345E-60 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] «ҚСауа() = rat 

[2] d(Coyd(t) = -rb2 

[3] d(Cb)d(t) = ro1+rb2 


Explicit equations as entered by the user 

1] UA=0 

2] V=10 

3] k1 = 3.03*exp((9900/1.987)*(1/300-1/T)) 
41 К = 4.58*ехр((27000/1.987)*(1/500-1/Т)) 
5] ral = -К1*Са 

6] rb2 = -К2*СЬ 

7] 1 = -rai 
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[4] «(Туай) = ((UA*(330-T))+(55000*(-ra1*V))+(71500*(-rb2*V)))/(200*V*(Ca+Cb+Cc)) 


0,30 1000 

0.22 840 

0.14 680 

0.06 520 

-0.02 360 

T | А : | | | 

01000 0.04 0.08 є 0.12 0.16 0.20 20 0.00 0.04 0.08 t 0.12 0.16 0.20 
P9-17 (b) 

TAK ty за 3 
UA = 10000 I/min.K V = 10 dm 


0.30 ———— 


0.22 


0.14 


0.06 


-0.02 | 


1000 


840 


680 


520 


360 


016 0 0,03 008, 012 016 020 200 900 — 004 008, 012 016 020 
UA = 40000 J/min.K. У = 10 di? 
0.30 900 
0.22 760 
0.14 620 
0.06 480 
-0.02 340 
100004 008, 012 016 020 200 000004 008, 012 016 020 
UA = 100000 J/min.K V = 10 dm? 
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0.30 500 
0.24 440 
0.18 380 
0.12 320 
0.06 260 
0.00 000 ooa 00 012 ois 020 200 004 008, 012 016 020 


4/27“ ( 


At UA = 10 0000 Y/min.K ће 2nd reaction for C is totally suppressed 


P9-17 (c) 
UA = 40000 I/min.K То = 320 К 
900 


780 | 
660 


540 | 


0.00 0.04 0.08 7 0.12 016 0.20 


P9-18 
Semibatch with parallel reactions 
ам 
Mol balance : Lucian Fao t (rltr2).V ae = ЕБо+ (r1+7r2).V 
dt а 
ама i 
а р] У “Ми = -12 У 
dt dt 
Rate laws : -rlzkl.Ca - r2 = К2.СЬ 


2000 
kl- 1000.exp{ 22. k1 = 2000. ска 222.) 
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М. МБ 
Stoichiometry : е-е 


СЬ =—- 

V y 
pum EL. 
y V 


_ Fee ib Foo 
Cao Cbo 
Caó - 5 mol/dm? Cbo = 4 mol/dm? 
Ма дол where 10 = 2. +- 22 
Сао С Бо 


But Еао = Fbo (equimolar feed) vo = 0.45.Fao 


V = 0.45Fao.t 
Energy balance? 51 _ Q~ Ws- 2, Fio. Cpi (T – Tio) + САНТ). Ста. V) 


dto ме о 


where О = М5 = 0 


AHrx(T) = AHrx(Tref) + ACp(T-Tref) 


АСрі = асра - P cpb ~ Cpa = 50 - 20 –- 30 = 0 
а а 


AHrx1(T) = - 3000 cal/mol A 


| - | 
АСр2 = = Сри = Срђ -- Cpa = 40—20 -30 = —10 
а a 


AHrx2(T) = - 5000 - 10.(T - 300) 


XFio.Cpi.(T-Tio) = 20.Fa0.(T-Tao) + 30.Fbo.(T-Tbo) 
SNi.Cpi = NaCpa + Nb.Cpb + Nd.Cpd + Nu.Cpu 
dT _ 20.Fao(T _ Тао) 30. Fbo.(T - Tbo) 3000. (71. V) * [5000 + 1007 — 300) -72.V) 
dt 7 


20. Ма + 30.Nb 4 50 Ма + 40. Ми — 


Selectivity 5 = 2 


P9-18 (a) 


9-50 


The selectivity is proportional to CA/Cg and therefore a small concentration of В in the reactor is preferable. То maintain 
a low concentration of B it would be beneficial to run a semibatch reactor where B is slowly added to A. 


Р9-18 (b) 
Let the rate laws be : -rickl.Cb - 12 =Е2.Са 


Now it would be best to slowly add A to B in a semibatch reactor. 


Let the rate laws be : -rizkli.Ca.Cb - 12 = k2.Ca.Cb 
-ті = КЕ Са - 12 = k2.Ca 
-г] = КЕ СР - 12 = КО СЂ 


For these rate law combinations а semibatch reactor will not improve selectivity. 


Let the rate laws be : - rt = К Са. Сб -12 = К2.Са 
-гішКкі. СЫ - 12 = К2.Са. СЫ 
Now it would be best to slowly add A to В in a semibatch reactor to maintain high concentrations of B and low 
concentrations of A. 


Let the rate laws Бе : -tl=ki.Ca - r2 = К2.Са. Ср 
-rl=ki.Ca.Cb -r2 =К2.СЬ 


Now it would be best to slowly add B to A in а semibatch reactor to maintain high concentrations of А and low 
concentrations of B. 


P9-18 (c) 
Alirxl — cal/molA 


If AHrx2 is constant , then if AHrx1 increases, T increases and S decreases. 

It AHrx1 is constant , then if AHrx2(300K) increases, T increases and S decreases. 

S is dependent on rl and 12, which depend on ki and k2, which depend on the 
temperature. The greater the temperature in the reactor the smaller the ratio between 
К1 and k2, hence reduced S. 


P9-19 


Plotting the data of t vs. T gives the initial and final temperature of the reaction, То = 52.5 °C and T;=166.8 °С. 
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200 


160 


0 8 16 , 24 32 40 
Recalling equation (8-29) with АСр = 0, X = 1 and T = Те gives: 
-AH y = > О,Ср, 1, -Т,) 


УӨ,Ср, -18— 4а... 


cal 


4 = 0668-52 5)К = 20574 


AH, =-18— 


Make a table oft tn. T (°С), dT/dt, ИТ (K 5, In(dT/dt) and plot In(dT/dt) vs ИК (К) in Polymath. According to 
equation (E9.3-14) the slope of the curve is E over R. Linear regression gives: 


See Polymath program P9-19.pol 


Model: InTdot = a0 + агт, inverse_ е kelvin 


Variable Value | 195% confidence | 


a0 (18.88162 2.425175. 
lal |-6224. 846 880. 596 | 
Statistics 


R^2  |0.9755663 
RA 2adj (0. 9720758. 
IRmsd |0.0597988: 


Variance (0.0413783. 


Remember that Ts is the self-heating rate, which occurs after the onset temperature is reached. 


InT, = 26224 18.88 
6224=Ё 
К 


9-52 


са! са! 


Е = 6224К -1.987 ше сна; 
2, 


moi · 


P9-20 wo solution will ђе given 


CDP9-A 


CDP9-B 


CDP9-C 


Adiabatic, batch, reversible. 


. + . ах 
Design equation : No = rV 


dt 
| Св? 
Rate law: ~ feu КҮ em 
Ke 
Stoichiometry : Са = Сло (1-Х), ^ Св=-2.Сло.Х 
MS . ax | 4Сио (L- XY 
Combining : Cao 25 ky Cutt X)- xz 1 


шэн Ча- s 52-00) 


Ке 
Ка 0.217 
2 0324 
Parameter evaluation : E = ms i Гере mu gom 8498J / mol 


RT ВТ: 8314(340) 8314(300) 


8498( 1 1 
ki = 0.217 A не 
| ЕЕ У) 


NEGO (i 3 


5 Ке(300) Е 


АСр = 2 Срв - Cpa = 20 - 12 = 8 J/mol.K. 


AHrx = AHrx (300) + ACp(T - 300) = - 75000 + 8 (T - 300) 
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Nao = 0.6667 * 900 * 254 = 272 127 mol A 

Мо = 0.3333 * 900 *454 = 136 064 mol 1 

Cao = Nao / У = 272127 / (50 *28.12) = 192 mol / dm? 
Ср = У; Ср; = дАСра + Өв Cps + (Ср 


= (1)(12) + 0 + (136064 / 272027)* (15) = 19.5 J/mol 
— AHrx(300). X — 75000). X 
[- Ангҗ(300).Х] ... (-75000).Х 


Energy balance : T=Tot Cpa a ACp. X ох E 
=> POLYMATH 
Equations: Initial value 
dix /dit)skl*t([l-x)-(á*cao*(xX^2) / Ka?) 0 
То=300 
caocl92 


TeToes(75000*x/(19.8-(8* x13) 
kiz.217*expi(1022*(1/340-1/T)) 
Dhrxz-75000«(8*(7T-3001) 
Kez70000*exptDbzx/8.314*(2/300-L/T]) 


с, = 0, Се и 2 
9-8 
Variable Inizial value Maximum value Minimum value Final value 
с ü 2 n 2 
x 9 0.0449573 0 0,9449573 
то 300 390 300 300 
сао 132 132 192 192 
T --300 459.781 300 469.781 
кі 0.145345 0.49785 0.145345 0.49785 
Che -15000 -23641.8 -15000 -73841.8 
ке 70000 70000 1.62532 1.82532 
T 3-3 
пун im€ 7"7 
«Елі. Аа В 
E pers М 
. ze [ 
цав 
Е" ! 
4-71 
a 
2.256 } 
uud 
; 
атаран т я пили аи ny he cps oat ne penn xt DUM A. tU AE ELLO 
с.ббо 3.435 оласе 226 {.$ОС 2.232 
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ЕН 


0.000 о. +00 3.202 1.200 1.606 2.06 


Equilibrium conversion , Хе = 4.5 % 
90 % of Хе = 0.9 * 4.5 = 4.05 Ф conversion 
Time for this conversion = 0.11 min = 6.6 $ 


Check : 


at equilibrium : Сло(1- Хе) =- 


1"————————— a 


using the solution to a quadratic : Ke = — mm & Co 


where at T = Те =470 К, — Ке = 1.625 mol / аш? 


y, - (16251192) 941625 0927 -П6*(16* 0927]. 


МРМАК Кажи. 0. £ 
8 +(192): шин 


From POLYMATH , Хе = 0.045 


CDP9-D 
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Mt 


CSTR startup 


dt 


Part (a) CSTR startup, gas phase, isobaric - no pressure drop 
dF 
Mol balance : — = {Fao ~ Fa) * ra.V 
dFb 
— =(0– Fb) - 2.та У 
Fa Fb 
Ca = Ср === vy = va + vb 
Ur Ur 
Ет= С 5 Е С 2 Ut 
есе Селу ах = Слолно = ст” ло 
T шилийг то толто 7; 
; Ir T 
Ur = UU 
Fro "To 
Ех = Ра + Fb Но= Fao + Еро 
Veet т = 500 5 
d 
Energy balance : a = 9- 2 Fio 
dt 
UA > 
pom = 5J / kgcat.s. K but kg catalyst = 50 kg 
UA = 5 х 50 = 250 7/5.К 
АСр=0 
ат _ 250(Та - T) - 40.Fao.(T ~ Tio) + 20000 та У) 


40. са. У + 20.Cb.V 
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No control : Ta = 300 К, Tio = 450 К, Бао = 5 mol/s 


Equations: Initial value 
difa)/dic)ziZao-Éa)-(ra*V] 18-28 
dt25) /dit)si-£a!- (2*ra*V) a 


ата а {2590" (Ta-T) j- (40" £ao* (T- T1011 + (20000* (тазу) ) / tt 459 
40*Ca*V)«(20*Ch*V)) 


саза500 
тацт5800 
keexp { (31400/8.314}*{ (1/450} -(1/T11) 
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Part (b) 


Mol balance : 


Initial value Maximum value Misimum value 


0 34 а 
16-08 0.0106221 1е-08 
0 299.098 а 
450 451.548 445.534 
5 5 5 
300 300 300 
459 450 450 
18-08 293.107 16-08 
450 450 45а 
500 500 00 
500 500 500 
1 1.0292 0.521054 
0.25 0.28 2.25 
5 5 5 
29 20 20 
46-08 1290.55 48-08 
0.25 0.251187 8.07755e-06 
D 0.250078 о 
26-05 600273 26-05 
-0.25 -8.31333е-06 -0.25 
„8 2.800-- DOroglem 28-11808) 
} 
“84.200 t аи кы 
i ae 


“а, eco. 
1 


446,200 Ч 

45,400 ы 
| 
t 


t 


Хал BO tma ned 


Final value 
iQ 
0.00969748 
299.098 
45i.548 

5 

i00 

450 

299.107 
450 

500 

590 

1.0292 
0.25 

5 

20 

1200.55 
8.07755e-06 
0.249135 
600273 
-8.31339e-06 


хөв ta nia лм im n 


3.200 Cha ee es 4 
ш М 12,000 18.000 24,000 30.00c 
t 
аса (Сао-Са) |, Сао =0.1 kmol/m? =01 mol/dm' 


di 1 
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P9-10 cont'd 
ась _ (Cho - СЬ) 


о + га Cbo = Сао 
dt 1 
4Сс_(0-Сс) ., т=505 
а 1 
Rate law : - ra = К.Са.СЪ 
10000 ( 1 1 
ЕСГ) = 0.0lexpj —-——-| == -- — 
Vee | 1987 (55 3] 


—Ws-- У Fio.Cpi(T ~ Tio) + ССАН (та. 
uius: dile НА А 100) 
ф У Ni.Cpi 


V=. t=2 х 50 = 100 dm? 
Fao = Сао. 2, = 0.1 x 2 = 0.2 mol/s = Ебо (equimolar feed) 
SFio.Cpi.(T - Tio) = 2 x 02 x (15)(Т - 300) = 6(T - 300) 
AHrx(T) = AHrx(To) + ACp.(T - To) but ACp = 0 

= - 41000 - (- 20000) - (- 15000) 

= - 6000 cal/mol 


dT _ 60 – 300) + (6000).(—ra.V) 


Me e bi Д aat tt M i ca гам а atate i t tti 


dt  15.Ca.v € 15. CE. V € 30. Cc.V 


Equations: Initial value 
d(ca} /dit)s((0.1-ca) /50) «ra 0.001 

dicb) /dir)zt(0.1-cb)/50)«ra 0.001 

dicc) /d(tist(0-cc3 /50) -ra 0 


dit) /а (5) = ( (67 (7-300)) + (6000 = t-ra*V))) /[(I15*ca*V)«(1S8*cb* 380 
V)«[30*cec*Vv)) 


100 
kz0.01*e&xp(t10000/1.987)*((1/300)-(CL/T10) 
ras-k*ca*cb 
500 Бе = 400 
Varisbhie Initial value Maximum value Minimum value Final value 
t 0 490 0 400 
са 0.001 0.0732515 0.00010274 9,00010274 
св 9.001 0.0732615 0.00010274 0.00010274 
се 0 0.099864 а 0.099854 
т 340 257380 300 257380 
Ч 100 190 100 100 
к 0.01 183280 0.01 183280 
za -16-08 -le-08 -0.0110871 -0.00199796 
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Solutions for Chapter 10 – Catalysis and Catalytic Reactors 


P10-1 Individualized solution 


P10-2 (a) Example 10-1 
(1) Pentane isomerization nP —,—iP 


Assume that Pt is the catalyst used. 
Maximum f - 5 molecules/site/sec 
Minimum f = 3e-3 molecukes/site/sec 


Maximum rate: 


en 


— = 5(05) 155 150 -128«19* mL 
195 / 100 5 gcat 


Minimum: 


-r, 23*10? ($ [= 5 Spori О. 
195 /100 5 gcat 


(2) SO, + 5 0, —> SO, 


No turnover frequency is given so this rate law cannot be determined by this method 


(3) H,* C,H, > C,H, 
Assume Cobalt is the catalyst. 


1 |%Со 
са Pa i 


f = 100 molecules/site/sec 


- = (05) 55 | = 0.008491 
- 58.9 7100 s gcat 
Minumum: 
f=0.01 
- = oio. (1. о 5849197 2L 
: 58.9 /100 5 gcat 


P10-2 (b) Example 10-2 


10-1 


C, 1+K,P.+K,P, 


К, =1.39 K, =1.038 

Pro Усыг = 0.3*40 =12 

For 60% conversion 

P, = P. (1-Х) =12*0.4 = 4.8 ат 

P, = PX =12%0.6 =7.2 ат 

C, 1 1 


=== = 0.063 
C, 1+(1.038)(4.8)+(1.39)(7.2) 15.99 


6.3% of the sites are vacant 


(2) X « 0.8 
Crs OKB KH _ 
С C,  |1-K,B * K,P, 
(б... (1.038)(1)(1—0.8) _ 0.2076 _ 99 


C, 1+(1.038)(1)(1—0.8)+(1.39)(1)(0.8) 2.3196 


9% of the sites are covered by toluene 


(3) Linearize the rate law to: 
Bah _1 Ко КЕ 
-n k k k 


P10-2 (с) Example 10-3 
Increasing the pressure will increase the rate law. 


2 
T 


m — ——M г 

1+ КУР, 
If the flow rate is decreased the conversion will increase for two reasons: (1) smaller pressure drop 
and (2) reactants spend more time in the reactor. 


T 


From figure E10-3.1 we see that when X = 0.6, W = 5800 kg. 


P10-2 (d) Example 10-4 
With the new data, model (a) best fits the data 


(a) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/(1+Kea*Pea+Ke*Pe) 
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Variable Ini guess . Value 95$ confidence 


k 3 3.5798145 0.0026691 
Kea 0.1 0.1176376 0.0014744 
Ke 2 2.3630934 0.0024526 
Precision 
R^2 = 0.9969101 
R^2adj = 0.9960273 
Rmsd = 0.0259656 
Variance = 0.0096316 
(b) 
POLYMATH Results 


Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/(1+Ke*Pe) 


Variable Ini guess Value 95$ confidence 
k 3 2.9497646 0.0058793 
Ke 2 1.9118572 0.0054165 
Precision 
R^2 = 0.9735965 
R^2adj = 0.9702961 
Rmsd = 0.0759032 
Variance = 0.0720163 
(с) 
POLYMATH Results 


Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/((14Ke*Pe)^2) 


Variable Ini guess | Value 95% confidence 
k 3 1.9496445 0.319098 
Ke 2 0.3508639 0.0756992 
Precision 
R^2 = 0.9620735 
R^2adj = 0.9573327 
Rmsd = 0.0909706 
Variance = 0.1034455 
(d) 
POLYMATH Results 


Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe^a*Ph^b 


Variable Ini guess . Value 95% confidence 
k 3 0.7574196 0.2495415 

a 1 0.2874239 0.0955031 

b 1 1.1747643 0.2404971 
Precision 

R^2 = 0.965477 

R^2adj = 0.9556133 

Rmsd = 0.0867928 

Variance - 0.107614 
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Model (e) at first appears to work well but not as well as model (а). However, the 9596 confidence 
interval is larger than the actual value, which leads to a possible negative value for Ka. This is not 
possible and the model should be discarded. Model (f) is the worst model of all. In fact it should be 
thrown out as a possible model due to the negative R^2 values. 


(e) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: ReactionRate = k*Pe*Ph/((1-Ka*PearKe"Pe)2) 


Variable Ini guess Value 95$ confidence 
k 3 2.113121 0.2375775 
Ка 1 0.0245 0.030918 
Ke 1 0.3713644 0.0489399 
Precision 
R^2 = 0.9787138 
R^2adj z 0.9726321 
Rmsd = 0.0681519 
Variance = 0.0663527 
(f) 
POLYMATH Results 
Nonlinear regression (L-M) 
Model: ReactionRate = k*Pe*Ph/(1+Ka’Pea) 
Variable Ini guess Value 95$ confidence 
3 44.117481 7.1763989 
Ka 1 101.99791 16.763192 
Precision 
R^2 = -0.343853 
R^2adj = -0.5118346 
Rmsd = 0.5415086 
Variance = 3.6653942 


P10-2 (e) Example 10-5 


1 
(()/Х-41----сү 7 
(tkt) 
As t approaches infinity, X approaches 1. 


10-4 


large kk, 


small k/k; 


(2) Second order reaction with first order decay. 
ах ‚\ї 


ГА 


ҮЛ | No 

-r'-ak'C, 

a=exp|-k,t] 

ах УК’ 

pd = Neo Ci. (1– X y exp[-&,t] 
dX 


pi k(1- X y exp[-&,t] 


X k 

1-Х эр ТЭЭР 41) 

as t > infinity ~_ =* 
ЕТЕ 


% 

нулы 
Ё 

1977 


(3) First order reaction with first order decay 


ах Wk' 
“4 7у-6ей-Х)өрі-і, 
ах 


> k(1- X )exp[-&,t] 


nf : J-z eet] 


1-X) E 


t > infinity X === 


а 


P10-2 (f) Example 10-6 


10-5 


Increasing the space time makes the minimum disappear. Decreasing the space time moves the 
minimum to the left and the concentration is higher. 


Increasing the temperature so that the rate constants are higher will cause the catalyst lifetime to be 
shorter. 


If tau = 0.005 the minimum Сд- 0.607 
If tau = 0,0 Иће minimum Ca= 0.5088 


P10-2 (g) Example 10-7 
(1) If the solids and reactants are fed from opposite ends, 


Ma cu ее 
ам U, 
Ina - —-W +С, саа: 
5 0; 
k, 
a 2 exp| —“(W -W,) 
5 
Fo вс (a - XY a 
2 We 
_Х_ С ЫЎ, |Us „| МИ. 
Ех, Ue [ul 


X ACSUS (1 249, 
1-Х ЕЕ, 0, 
This gives the same expression for conversion as in the example. 


(2) Second order decay 


0.6)(0.075) U 
34: О ДО Uyy (O72) 22000 
(0.72) (30) 0; 
Solve for Us Бу trial and error or a non-linear equation solver. 
Us = 0.902 


(3) Үє-2 


1-Х) 
ғ, = kC2, | = 2 
dW (тех) 
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2 
—Х\+є? (1+2) X kCSU,. t= -kEW, 
22(1+=)ш(1-Х)+=?Х + E LE. exp U. 


I2In(1- X)+4X 4 4. - 1.24 
1-Х 


Х =0.372 


Р10-2 (ћ) Ехатрје 10-8 
Џо = 0.025 


Uo = 0.25 


10 — 


P10-2 (i) 
For БА = 10 and Ба = 35, for first order decay we rearrange Eq 10-120 to: 


icc Бур T 
E, RIT Т, 
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pes 


In usce 
E, ЛЭ Кра Т, Т 
Е, 
-— жик E 
14- 0.07948 In (ЕЕ 
Т,К 1 1-0.00286/ 
1 -1 
Е, m КАМЕ, 
E, 


P10-2 (j) Individualized solution 


P10-3 Solution is in the decoding algorithm given with the modules 


P10-4 
14856195 ЭРЭ” E ЛБ 
ADD “AI ГУ К, 
Wes 
W + 56» ә 5 nua] He es 


coc 
| л б V “ТВАФ5 
У. $ + [ ® 50 УТВА +5 + 5 E =k. [асы K; | 


5 b 
| Г ~ 
ТВА»5<>ТВА + S Ps Со 
: i Трот Ка Са ~ сме. 
р 4 
P10-4 (a) 
Surface Ran Limited 
ү С -K,C,.C | Бус, 8-0 
Em =0 "s ОЗДУ Су = Ку Pw Су ky 
A 
T > C ‘THA Сы Ln ж + Я 1 4 
E 55 Cus = K = Kon, Ста С,» since к. = Кона 
EGG EE E C KKK. 
get 124 та уа ~ оу E ТВА К = LSU nd 
D Ke К, Ky j ч с, К, | 2 К 


Ст = Су + Crs + Cwag + ~ 
Е “198 Veg Оту „< = Cy ЕЗ ^ : 
wes + Ствав = СУТ КС + Кубу + КтвАСтва) 
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k TN 


pube A С 
| hs TBA 
КК ты Бола ЭР, 
Ег = Ty = г. = pouce 
(1+ KC, с “Ке, Қаз Сон) 
Р10-4 (b) 


Adsorption of isobutene limited 


је (e @- 


Cass = Cw Су Ку > Ствдз = Сувд Су Кувд 


ir ЄС C 
(=) с УСА с __СтвАСтвАСу 


s BS Cys $ К. 165 Cy Ку К, 
| C K 
nar" Кај CU ek =? 2073 
w P КВА 


С 
BA 
Су Ку ва Omat СК єв 


Р10-4 (с) 
Eley Rideal Kinetics 


C 
= BASS 
хорон E: | 


CoH Ree 


э P ~ -y 
Севана 2 Кра C TRÀ C, 


C 
2 P 184 
ни 1 Е И На 
Toi Kc + E cs | Su HOT KE 
P10-4 (d) 


10-9 


Wes Fa 185 {OTs AS 249, 


ті + ‚ САС сүз 
= ^WeS2 71-81 К, 
Са SC +С $ 
Cry = Суз + 28 
Cun EG : C, = Cy, (IR c) 
Ces" Ky Субу Ср (Ку С») 
HC Су 77 Сы. 
К; 


"= 


(1+ 210 


Р10-4 (e) Individualized solution 
Р10-4 (f) Individualized solution 


P10-5 (a) 
^ Б; 
Н, + CH, Ca CH. 
Н+Е А 
Eley Rideal 
Е»5$е›А+5 
E-S«9E»S , С „=К Р С 


CBS СЕСЕСУ 


зы Сы. Ри] 


P10-5 (b) Individualized solution 
P10-5 (c) 

0, +25 => 20-8 

C,H, + 0.8 > С.Н,ОН-8 
C,H,OH«S = C,H,OH +8 


where k = К.К С.С 


А, +25 £2 2AsS 
В+ AS CSS 
CS >C+S 
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i 
i 
i 
H 
i 
i 
i 
i 
H 


M 


Fap 


К, 
Cys Ср 4K,P, 
=r =h =k, С КАР, 


=0 


Р.С, 
fes = Кр & a 1 =kp [Css E КСРС] 
р 
Tos 0 
К, 


Се = КОРС, 
C, = С, +С, +С 7 C, [1+ KP, + КР, | 
AC Py КАРА a 


== 
5 14+/K,P, + К.Р. 


= 


Р10-6 (а) 
А (butanol) { B (butene) + C (water) 
Possible mechanism: 
. C 
А+5 22 A-S ғал | BO: Са | 
Ка], 
А-5+5 = В.5+С-5 rs = ks (Cas Cs - Cas Cos / Ks) 
8-5 = BeS тов = Крв (Cass - Рв СуКрв) | 
С-5 = С+$ me = kpe (Ces - Pc Cs/Kpc) 


Assume surface reaction controlling: 


Cas = Pa Kaa Cs 


^ Pg Cs 
Св-5 = 
"m Kp 


= Рв Кав Cs 
B 


Ces Fos = Pc Kac Cs 
OC 
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5» NEE 


А Н - 42 вс 5 ғұ? | РР.) i 74 p. ci 
hg alg “Т ҚАС” ЖАҚСА = КС Р, K) where К, = КУК Ko Ko, 


eq 
site balance: Cr = Cs + Cas + Cas + Ces = Cs (1 + Kaa РА + Кав Рв + Kac Ро) 
2d = кз КАА СЫРА - Pa Рока) _ 

кое Pa Kaa + Pg Kag + Рс КАСР 


If Рво =Oand Peg =O , then 


ks Kan СЕР күр ki = ks Kaa CH) 
Tag Ks Kaa ЕАО Кд unn where \Ко = КАА 
(1+ Рао КААР 1+ к Pao + Ks Рао [БИРР | 
This is consistent with the observation. 
P10-6 (b) 
From the figure, 
Paint number 1 2 3 4 5 6 
po аа] 0 0275 05 077 077 0.5 
Рао (aum) 0 4.5 27 54 112 229 
Pa 405 645 8.14 1206 214 
“FAQ 
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Al large Pao: 


-; 
AD 


ki Pag Күү] : р к 
и "vt ds jj UM : Sl = (22 ХҮҮ” 
k Pag” ey (Bag) “шіп Point 6: [= (229) (0,8) = 114 


At smali Pag: -r,5 =k; Pag; using point 2: Кү = 0061 => ky = 534х104 


ыы OGL Pus. 222 


а = -— „ = 0.061. 1 4 
А0 : 5 ; 50 Ку= ~~ ate = 534Х 103 P 
1 + 5.34х10% Pag + К; Pag = Pao А 
AD 


Usingpoint3: Кз = 7.05х102 => К; = 3.19х10-2 


Using poin 4: k3 = 3.1 2 (The reason for the different 
Ron 219810 values of Кз is from reading 
Usingpoint 5: Кз = 1.05x102 the graph) 
25.0- y = 43103 + 0.073937х R= 0.99583 
20.0- 
- 15.04 
4.27 4 
7 3 0.5 
= 10,0- intercept=1/k 7 = 4.31 
=.“ 4 2 k- 0.054 


Slope = К/К: = 0.074 
к, ш 0.32 


Un 
© 
jade A fads 4 ia. 


P10-6 (c) 
Find the percent of vacant sites. 


vacant = с, = MERERI US Е МЕНЕ 
Ст Cs(1- KAAPA + К АВРв +КАСРе} 


P, and Ре = 0 so that reduces to: 


"vacant s ous : 041 


*KaaPao 1400159690 ^ 


Find the percent of sites occupied by A and B. No B will have occupied any 
sites at X = 0. 50: 


aac KaaPa 00195-90 _ 
1+KaaPa  140.01595 * 90 

P10-6 (d) Individualized solution 

P10-6 (е) Individualized solution 


0.59 
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МЕ — ОМЕ+Н.О 


300 

The rare of formation of DME is greater initially. This is a result of more vacant sites being 
initially available for reaction because water is not adsorbed on the sites. As time goes on 
the equilibrium concentration of water sites is reached. Water is strongly adsorbed on this 


caralyst. 


Probable Mechanism 
ME +5 72 ME-S 
2ME+S -> М5 + ОМЕ + 5 
Wes 2 W +5 
Assume Surface Reaction Controls 
rs = ks Ches 
Cumes = Kme РмЕ Су 
Cw.g = Kw Pw Су 
АР ! 


ha = P. fme „лыы where Ёс k; КС; 
(1+ Кућу + Kye Bs) 


P10-8 


Given: Kinetic rate expression for the reduction of NO over a solid catalyst: 


= Kk Py Po Py = partial pressue NO 


(1+ Ki Pyt KoPe} Pc = partial pressure CO 


Assume that overall reaction is of the form 
NO + CO — LN; + СО» 


P10-8 (a) 
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—————————À 


Ir is seen that neither № or CO; appear in the denominator. This infers that neither is 
adsorbed on the catalyst. On the other hand, it can be infered thar both NO and СО are 
adsorbed on the surface. The squared denominator suggests а dual site surface reaction of 
the adsorbates of NO and CO. Therefore the following mechanism is proposed. 


Kan В, = Ро 
NOG) +5 = NO-S 2 = Ёоо “TaN = Kan [Pn Cs - Ско5/ КАМ] 
Kon 
CO(g) +5 = CO.S “fen = Ken [Pc Cs - Ссо-/Ксмі 
Ks 


МО.5+С0.5 — 5 N44 CO +25 — r5 = А.С: Соо 

With the surface reaction сошго пе 

ЕО Сью = Кам Ри Cs 

КАМ 

ШОМ =0 Coos =КсмРе С 

ES оз = ken Pc Cs 
Then Ст = Cs + Слоз + Coos = Cs П + Kan Рм + Кем Рс] 
and therefore reaction is -rs = ks CNo-s Coos = ks C$ Pu Рс Kan Ken 


ог -rs = КЗ Кам Koy PuPCCI ууд Kin ks CE Кам Ken 


[1 + Кам Py + Ком PeF Ki = Kan 
Ко = Kon 
"fs = ERN 31-4 EE V. 
[1 + Ki Py + Ку Po? 
P10-8 (b) 


Assume that Pc >> Py. Then Pc changes very Іше during the course of die reaction 


and remains couszant. A maximum in (-rg) then occurs, for a fixed value of Py ас 


„ы „Р.Ю Lg 
ӘРс ([1*Ki Py + Ki PeP [1 + Ki Рм + Ка PeF 


or at Pe = Ка Pw H Py 
2 
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The rate of reaction will increase with an increase in Pc untl the above value is reached, 

„ after which it will decrease. It appears that there is an excess pressure which will minimize 
reactor volume. Operaring at excess pressure greater than this value will decrease (-rs), and 
hence increase V. This analysis is exact if the catalytic reactor is a CSTR. If the reactor is 
treated as PFR, the critical value of Pc is only approximate, but the general observarion is 
qualitatively the same. 

This analysis further assumes that the excess CO can be eliminated easily and economically 


downstrearn from the NO converter. 


P10-8 (c) 


The conditions for which the rate law and mechanism are consistent are the 
following. The COS surface reaction must be the rate limiting. Ре Рио must be 
small. The mechanism must be a dual site mechanism (which it is). 


P10-9 
Methyl ethyl ketone (MEK) is an important industrial solvent that can be produced from the dehydrogenation 
of butan-2-ol (Bu) over a zinc oxide catalyst 
Ви -> MEK + H, 
A? BEC 


The following data giving the reaction rate for MEK were obtained in a differential reactor at 490°C. 


Da 2 2 EN CHIEN NIA 
“БО 2 ooo си пинен он wem | 
Pagg (atm) 5 0 2 1 0 0 
P, (айп) 0 0 1 1 0 10 
дак (по xg ca) | 0044 аы СИИК а ОВЕ А 
Р10-9 (а) 


Suggest a rate law that is consistent with the experimental data 


Pupp (atm) 0 0 
P, (aim) 0 0 
Кек (ПО x g c 0.043 
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най ы арин ыран ри Lote DUE f prece OE 


From data sets 1 and 5 


Py, (atm) 

Риск (айт) 
Ру, (atm) 
Fagg (mol/h x g cat) 0.044 нэ 0.043 = 


we can see that the MEK partial pressure has little if no effect on the rate law. 


From data sets 4 and 6 


Data Set 
"Ри (ат) | 
Рикк (atm) Ї 0 
Ри, (ат) 1 10 
rg (ТОР x аса) 0.060 0.059 


ЖЭ 


Is seems that the partial pressure of Н» has no effect on the reaction rate. 


If MEK and Н; are weakly adsorbed (or not adsorbed at all) we can proposed initially the following 


But, from the complete data set 


POL NENNEN у з з а 
Pou (atm) 2 0.1 0.5 1 
Туру (ТОГ x g cat) 0.044 0.040 0.069 0.060 0.043 


We can see that the reaction rate goes through a maximum 


0.07 | 


0.06 + 


= | 
9 005 1 | 
= | | 
2 004 | 
5 00 | | 
42 ! i 


002 | 


001 | 


0 0.5 ] 15 2 


| 

i ё 

| ~ 

| в 

‚ S 
3 
= 
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P10-9 (b) 


Suggest a reaction mechanism and rate-limiting step consistent with the rate law. 


One possible mechanism is the following one 


(0) А+5 OAS 
СОЈА +5 <> B-S54C.S 
3) BS о B4$ 
(4) С-8 ЭС%8 


If the limiting step is #2 (irreversible surface reaction) and the others аге at Pseudo Steady State (#1, 3and 4) 


D ft ~ 
n RAC Су 


A site’s balance will yield 
Cy = Oy FOI Cag TC 
Therefore, 


A А 1 оС P „СКР 
C, = C, 1 СРК Ивье 


К, K, 
Solving for Су 
C. 

Cy m Puit rom 

| E CE C 

1+P,K,+—-2+-5 

K, K, 

Substituting the expressions for Cy and Са into the equation for -r'A 
К, К 1 Р, C; 


gro Sk V = kK, Do r - 
Ру. 
! РК ++ ЕК | 
К, К,) 
which for the case of weak adsorption of MEK and Н; reduces to 


P10-9 (c) Individualized solution 
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P10-9 (d) 
First we need to calculate the rate constants involved in the equation for —r' д in 
part (a). We can rearrange the equation to give the following 


ү 1 + К, Р 

түрэгч =-ке+-—Ы=Р, 

Рек fk, АЖ, 

which is a linear equation with slope equal to ЖЕ and intercept equal to ХЕ . Shown below is the linear 


H 
regression we did using the problem data 


un © ~ со | 
M NUES 
i i 
| 
| | 
| 
| 
| 
i 
— B 
} 
| 
i i H f 
i А rou 
i H Н 
| Н { 
i 
á | Н 


3 T 
E 41 тээл 
ы R? = 6.9997 | 
Ра 3 4. n О EDS | 
* Du | 
2 + каа Ай | 
"PM анта кте P cR 
0 05 ! 1.5 2 23 
| Ра (atm) 
Thus from the slope and intercept data 
mol 
К = 0.56 —— — and k, = 2.04 — 
h- gc at-atm atm 
Thus, 
2 Р 0. 56Р, 
= y жор, -— 
ЖОТО. 


The design equation for the PBR is 


. dX , 
К = 7 


From stoichiometry (gas phase) 


1-Х Т, P 
Сұ сү}? Т Р. 
0 


From the reaction €= 141-1. Assuming isobaric and isothermal operation and using ideal gas law 


1-Х 
в, (5) 


Using equations 10-8-13,10-8-14 апа 10-8-16 together with Polymath we can solve for W at X = 909%. 
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— p 


See Polymath program P10-9-d.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value final value 


W 0 0 

x 0 0 

e 1 T 

Pao 10 10 

Pa 10 0.0042521 
k1 560 560 

k2 2.04 2.04 

Fao 600 600 

ra -12.228142 -68.5622 
rate 12.228142 2.3403948 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(X)/d(W) = -ra/Fao 


m 


xplicit equations as entered by the user 
1) е=1 

2] Рао = 10 

[3] Ра = Pao*(1-X)/(1«e*X) 

(41 kt = 560 

[5] К2= 2.04 

[6] Fao = 600 

[7] га=-К1*Ра/((1+(К2*Ра))^2) 

8] гаје = -га 


mol 


It should be mentioned that Fy, =10—--=6 


1.0 


0.8 


0.6 


0.4 


0.2 


af.) 


00 46 92 үү 138 184 23.0 


P10-9 (e) Individualized solution 
P10-9 (f) 


Ü 
00 46 92 


23 23 

0.9991499 0.9991499 

1 i 

10 10 

10 0.0042521 

560 560 

2.04 2.04 

600 600 
-2.3403948 -2.3403948 

68.5622 2.3403948 
mol 
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Now consider the change in pressure: 


ichi 1-Х ҮР 1x 
Stoichiometry : ро ЕБТ pap 22A 
Oi y A A x 3 = Ж dx 
Pressure : Ду zc ( + X) 
dW 2 


Use these new equations in the Polymath program from part (d). 


See Polymath program P10-9-f.pol. 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


w 0 0 

X 0 0 

у 1 0.0746953 
e 1 1 

Pao 10 10 

Pa 10 7.771E-05 
k1 560 560 

k2 2.04 2.04 

Fao 600 600 

ra -12.228142 -68.584462 
rate 12.228142 0.0435044 
alpha 0.03 0.03 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(X)/d(W) = -га/Рао 
[2] d(y)/d(W) = -alpha*(14X)/2/y 


Explicit equations as entered by the user 
[1] е=1 

[2] Рао = 10 

ІЗІ Paz у*Рао*(1-Х)/(1+е*Х) 

[4] К1 = 560 

[5] К2 = 2.04 

[6] Fao = 600 

[7] та = -k1*Pa/((1+(k2*Pa))^2) 

[8] rate = -ra 

[9] alpha = .03 


23 23 
0.9997919 0.9997919 
1 0.0746953 
1 1 

10 10 

10 7.771Е-05 
560 560 

2.04 2.04 

600 600 
-0.0435044 -0.0435044 
68.584462 0.0435044 
0.03 0.03 
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final value 


ab 
; 13.8 18.4 23.0 0.0 4.6 9.2 


Р10-10 (а) 
Бо-остепе + Hydrogen -> iso-octane 
A * B -» С 
Discrimination of models: 
Assume -ra =k СА СА Ch 
Бог runs 2 апа 3, О < 2. <1 ; 2апі4, O« B « 1 ; and2and 5,-1 «y «0. From 


Ретгу 5 handbook, 5th ed., p. 4-8; the reaction is probably surface reaction rate controlling. 


Mechanism I (H. Alvord): 
А+5 2 А+$5 
В. +252 2B.S 
А-54-28-8210-5-25 
С-5 210-5 


Непсе, EA = К[РАРв-РоОК.] OO 
[1 -K4 Pa + KẸ PR + Kc PoP 
Mechanism H m L. Mullick): 
A*S 2 А-8 
B4S 2 B-S 
А«8%В.5 2 C+S+S 


с-52С+5 


Непсе, EA RE eme ГРА Pr- РОК] || 
T * KAP Pat Kp Ps + Ke Pe? 


10-22 


р еда 


From runs 2, 9 11, 12, РА = Pg = Pc = P, a plot of -тд vs. P shows a parabollic 
behavior, therefore we will drop the second term in the denominator for easy linearization. 
The readers can calculate К value by Gibbs free energy change in this equation (up to 650 
K., the reverse гезспоп is negligible) 


The linearized regression model is: 


Farah? 1. „КАРА, КаРа, КРС, 
“1; 

А 050 ұо5 0.5 к0.5 

Using given 12 data points to soive for these four unknowns: 


у = 3.0 + 1.42 P4 + 0.97 Ра + 1.42 Pc 
The final results are: 


Ре 0.1113 РАР 0 
(1 + 0.475 Pa + 0.322 Ра + 0.414 РСР 


The comparison of the percentage error between the model and the experimental dara are: 


r РА Ра 0.5 r 
Run P4 Ра Ре (ехр.) (Fazal (calc.) % error 
H 1 1 0 0.0362 5.26 0.0345 -4.8 
2 1 1 1 0.0239 6.47 0.0227 -4.7 
3 1 3 1 0.0390 8.77 0.0419 +5.0 
4 3 l 1 0.0351 9.25 0.0334 . -4.8 
5 1 1 3 0.0114 9.37 0.0120 +5.7 
6 1 10 0 0.0534 13.69 0.0505 5.4 
7 10 1 0 0.0310 17.96 0.0302 2.6 
8 1 1 10 0.0033 10.41 0.00315 -4.5 
9 2 2 2 0.0380 10.26 0.0380 0 
10 02 02 02 00032 3.54 0.00288 -9.8 
11 01 0.1 0.1 0.0008 3.54 0.00089 +107 
12 5 5 5 0.0566 21.02 0.0599 1.2. 
isum! = 59.2 
avg. = 4.9 
P10-10 (b) 


Discussion: The readers may check the validity of mechanism L То reduce the 
accumulation of error in calculations, the readers should have used all data points and 
solved all unknowns simultaneously. To get the maximum information of complex kinetics 
of a reaction from the least runs, it is advantageous to do planned experiments such as 
factorial design. (W. С. Hunter. and А. C. Atkinson, Chemical Engineering, p. 159, June 


6, 1966). 
А paper discussing chemical reaction rate equarions from experimental dara is in: 


C. Н. Ware Jr., Summer Computer Simulation Conference, Proceedings, 1975, Рап 1, р. 


368. 
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Р10-10 (с) 


[1 + Sat ET (0.797 - 0.383 X)| 
Pag = Cag RT = 1.5 atm 
22510 . {5 mol 
Едо = 2.5 5. 50 m 
CSTR : Was pau EU ох 


0.1113 TENE 038/(1- 05087. 


15 (0197. 0.383 x of | 
| 1-05х08 


L E 


W = 21,380 g = 21.4 kg 


х 
РЕК : I ex. 
a ТА 
x 
ној Хаалга АВ шоолох 
| 0.1113 (1. (1.50. XP /(1- 0.5 XP 


+ LS (0.997 - 2 
m cce (0797 - 0383 Х) 


4 
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0.2223 CAo(RTP (1-ХР/(1-05ХЁ 
0.322 (1- x) + олак) 


х 
= 2190 | соках 
0.1113 x 225 j, 


ig Se о разаў 
where СХ) = UN, 4.15: x 


G(X) = (21253-10745 х? 


x G(X) 

43 
0 4.82 | 
0.1 5.38 ” | 
0.2 6.13 ю 

а 

0.3 7.16 © 
0.4 8.66 
0.5 11.00 ч 
0.6 15.03 0 
07 23.15 2 21 92 QC 
0.8 44.62 


Using Simpson s ruie, 


area under the curve = 10 


W = 130. 10 = 6000 g = 6 kg 
0.1113 x 2.25 


P10-10 (d) 
Consider the differential section between L and L + dL. 


In - Out Generation = Accumulation 


But: ALCL) = NU) = FAO ~ X) 
~ Fao GR = TA pc (1 - Фуга (Pi) 
Relating the expression r4 to X and L: 


Ед = Бао (1-Х) = ЂЕ, (1-X) 


Е = 7(2- X) 
Еа = Бро (1-Х) = ГЕ, (1-X) DE. 
За 
Fo=FaoX = ТЕ,Х 12221: 


Р,еРдеРг: Рот Rr 


LetPzPr, 
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at 


ах _ ТА pc 60 [1-Хр LXp X. 
х - A mo P 


From the Ergun equation, we have: 


е Б; 3E COE |, 175 ој 
. | Dp 


у 1 
| | 150 (1. 1 

— ya [re] soe?» 1756 
© ш. 72 ро Pl кс Бе | 3 | D» | 


ар та nA Bo where Bo T Раб TT $ a 00 Мөн =. +175 о 


where 8, = = Bo 
Р 


бе aime в 22 1150 1-9) и И 175 al 


(150 28002 + 112) EH 


G = Eao ma + Ево mp) _ 2 1453.6 | 
T r(Q.957Y а 
TETTE 
= 154 9 
T Пы 
= (3 am) РЯ (acis = 6348.7 È 
144 1 апп | 1 #2 6348. rel 
57-48-41(3 am) 
бо = Cr m= (2 57 ШЫР. жыйы maem 
о T Грено | ЕТ [0.73 7301 Ê fe арт || (200 + 37 3.15)(1 8j] ор 
| Ibmoi*R | 
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не 


- 160-0) [1500-95 


3 Б + 1.75 с 
Ро ро gc Ор > Р 


(150 £m) Q 112) -E— Fn 


g = (Бао ma + Ево ma] _ 453.6 g 
at T Ten 2 
= 1246.9 Још. 
T юю 
= 14.7 psi 
a орон = [ain = 634811 
79 31h ae = (3 ашп) 
ро = Ста = = то 
mal RT T јело ram. (200 + 273.15) (1.8]]*R 


ре = 02750 Ibm. 
fe 
u (3 ашп, 200°C} = 9.4719 x 103 ср [L Са, LHe 


РРЕОР 
= 8.6211 х 103 ср (all Са) 


_ 9.4719 x 103 + 8.6211 x 103) 


(—————MÁ—À инет, 


5 —cp 6.7197 x 10% 5-28 с 


x 2600 sec. 
hr 


џ = 0.02188 100. 
fthr 


бај Lhr un 
uud 9 (58005 secl 
382. 174 “Ibm fi MI ИЗҮ? 0.4) 
ibe sec alt 195} P 


f150(1- 0.4 mee n| 1 
Рини, 1:75 2-5 
| 58 Бал 
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ааа ыны Ade ue ce арыз 


„фу! 
ах АТИ (x, P) 
арт 4 Fao | 


KP*(1- xy 
Ё, = т P e ap T 
A Bp +(K, +) "i + юэ z) 
i КВЦ1-32)- 
В, = Бөз Кы арды о: ЕЯ " 
E x [&, X, 8)В, B(1- X) е; Х| 
„IATP (HKR |. 
батсын қылын КОР, ЭЕ хи, 


dX ойы са. EXE ы 
Then: at a 


For a given T, we can solve the two ODE's to get X(L*). We need to guess T until X = 0.8. 


For the rate constants, we use the solution of 6.10 (а) 


К-01118---58 1... К, z047Sam! ; Ка = 0.322 аші 


~ 


асар, hr* апп“ 


Ke = 0.414 апп! 


Ki + (0.475 + 0.322) 3 = 2.391 | 
Ко =(0 414 - 0.475 - 0.332) 3 = -1.149 
356 [0.957 62 (2.6.8. 
y AT Ape KR ТОВ У e (2.6 3) 
Fao [25 жй) 
min ihr 
x[0.113 — S8... занар (2041 cm) 
gcat hr ашша) п 
a” = 85.958 T 
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i 
i 
| 
| 


а аи 


8; = - 0.24693 8.6255 
о т т 


А FORTRAN program is written to solve the equations. The results show that any 
numbers of tubes sufficient to allow the given flow rates with a positive pressure provides 
more than enough catalyst for the desired conversion. The problem as stated, therefore 
has no solution. However, we can choose a different L, and it only changes the 
dimensionless parameters. With L — 20, the problem is still unsolvable. 


ForL=10f , T=2.16 tubes => Р- = 046 


ід 


Note: Using the modified program with 


De= d ‚ 89.05 x 103 ср 
1108 , А=2.15 17 

=> X=0.80 , Р =0.7537 
Using 1 1/2 in schedule 80 pipe (ED. = 1.51п), А = 1.76715 in? and the length to get 
X = 0.8 is impossible (Pr < 0). 
With 2 in schedule 80 pipe (ГО. = 1.939 іп), А = 2.952877 in? 
This gives L =6.67 ft , X = 0.80 and P = 0.9173 

| 1/2 in schedule 40 => А = 2.03580 in? 

L = [0.94857 , Х=0.8 and P = 0.6903 


P10-11 (a) 
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А-8-Н 


Assume a rate-limiting step; start with surface reaction 
А-54-57-8-54-Н-5 


В 5“ B+ 5 
Ноу Н+5 
Assume а rate-litmiting step; start with surface reaction 


= K,C,P, 5 


Come up with ways to find Р, Pass and Ри. 


Tab. 64 Сы = Ky PC, 
k 5 
: A (ді m Ef, 
BD 0 DE 
: Ье 
вр Спор = Kg PC, 
THE. = 0 Кы 
Kup 


Find the expression for C, 
C= C, + С + Cas + Cis | 
Combine all of those to get the following rate law suggestion. 


АРС. кА, 


(1+ К.Р, КВ, + Ки Ва) (1e K,P, + KPa + КЕР, 
Checking to see if it fits, we see that for high P,, increases in P, cause decreases in 
the rate. We see that if Py or P, increase the rate will go down, which is consistent 
with the rate law. 


P10-11 (b) 


Now using POLYMATH's non-linear equation regression we can find the values 

for the parameters. We find that 

К = 0.00137 

K, = 4.76 

Ка = 0.259 

Кс = 0.424 
In the problem it is given that K, is 1 or 2 orders of magnitude greater than К, and 
Ke which is true so this is a good answer. 
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41111 


2 3 + 


Model: гагкжва„с] "Канмраск)ирр-кижрвт»у “2 
к = 0.00127022 Kb = 0.259382 
Ка ғ 4.7608* кп = 0.42359 


О Regressian 
саса 

Пса іле 
value 


7 positive residuals, 3 negative residuals. Sum af squares = 5.22033е-15 


P10-11 (c) 


The estimates of the rate law parameters were given to simplify the search techniques to make sure 
that it converged on a false minimum. In real life, one should make a number of guesses of the rate 


lw parameters and they should include a large range of possibilities 


P10-12 (a) 


Assume that the second reaction is the rate-limiting step. 


\ 


бе КС, 5 


Using PSSH, we know that 


* oq ~ 
ян, s 7 0 = К Сун, C, 


ч КС, „Cr m ^ C 
C Б 5 ОА, SH E 
Ka XL 

k 
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Perform а site balance: 


C, = Cy + Сун, 5 


Combining all of these we find: 


KiCsu,C, — КСын, | 


Ig = 7 pa 
14 КСын, 1+КСун, 


This rate law is consistent with the data. As the concentration gets larger, the 
rate change gets smaller which is consistent with the rate law as given. 


P10-12 (b) 


No answer is right or wrong, but the points will probably be higher than 
the ones given to see that the change in rate becomes even smaller. 


P10-13 
kF, VS 
1+ КВ ub 
At high temperatures К | as T T and therefore KB, <1 


Assume the rate law is of the form "Dep = 


e 2 
Пер = КЕ РО 
Foe _ 


2 
Ея IPO 


Run 1 шил -11 
(0.0 


At low temperature and low pressure 


Ши. 
Пер = КВО 
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0.015 


Кип 2 =0.375 
(02) 


These fit the low pressure data 


At high pressure КР >1 
_ КА m к 12 


Р, = = 

%” Кл» К 

This fits the high pressure data 

At Pyrpo = 1.5, г = 0.095 and at Рутро = 2, r = 0.1 


Now find the activation energy 
At low pressure and high temperature k = 11.2 
At low pressure and low temperature k = 0.4 


h| 2 | | Б rou 
k) RU T,) R\ ТТ, 


1092 21) 


E =15375 C0. 


mol 


Ife uf EB) одан E 


Кро, Pp Kp Ptrp/P 
Pi P1 
ks Pr Ky 


МА” ТРК, 
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ло, = Ks ыы Л = PES, 


1= fy + = fI KE) EN 
S Ла 1+КР 
5 271 
Pr Ppr | КРУ 
——Kp , Pr=KpPtrp/Pp 
Ptr i 
_ Ks Py Ky 
"fios 1+ Py Ky 
«Рур! Ра АР 


Low (Бүүр: Rxn is second order 
Sine 1>>K PHrp/Ppy 

High Prop: 1 << K Phrp/Pri 
Reaction is zero order 

High Temperature Кү very small such thar 


Pirr Kp К! << Pp; 


i EN ATARI 


P10-15 (a) 


Using Polymath non-linear regression few can find the parameters for all models: 


See Polymath program P10-15.pol. 


(1) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: rT = k*PM^a*PH2^b 


Variable Ini guess Value 95% confidence 
k 1 1.1481487 0.1078106 

а 0.1 0.1843053 0.0873668 

b 0.1 -0.0308691 0.1311507 
Precision 

R^2 - 0.7852809 

R^2adj = 0.7375655 

Rmsd = 0.0372861 

Variance = 0.0222441 


а = 0.184 ф--0.031 К= 1.148 
(2) 


POLYMATH Results 
Nonlinear regression (L-M) 
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Model: rT = 


k*PM/(1+KM*PM) 


Variable Ini guess 
k 1 
KM 2 
Precision 
R^2 z 0.9800096 
R^2adj = 0.9780106 
Rmsd = 0.0113769 
Variance = 0.0018638 
К-12.26 Ky=9.025 
(3) 
OLYMATH Results 


Nonlinear regression (L-M) 
Model: rT = k*PM*PH2/((1--KM*PM)^2) 


Variable Ini guess 
k 
KM 2 
Precision 
R^2 = -4.3638352 
R^2adj = -4.9002187 
Rmsd = 0.1863588 
Variance = 0.5001061 
К = 8.409 Ky-2.83 
(4) 
POLYMATH Results 


Nonlinear regression (L-M) 
Model: rT = k*PM*PH2/(1+KM*PM+KH2*PH2) 


Variable 
ко 

KM 

KH2 


Value 


12.256274 


9.0251862 


95$ confidence 


2.1574162 
1.8060287 


Value 95$ confidence 
8.4090333 18.516752 
2.8306038 4.2577098 


Nonlinear regression settings 
Max # iterations = 300 


Precision 
R^2 
R^2adj 
Rmsd 
Variance 


К= 102 Км = 83.6 


Ini guess Value 95$ confidence 
1 101.99929 4.614109 
2 83.608282 7.1561591 
2 67.213622 5.9343217 
-3.2021716 
-4.1359875 
0.1649487 
0.4353294 
Km = 67.21 


P10-15 (b) 
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ED 


We can see from the precision results from the Polymath regressions that rate law (2) best describes 
the data. 


P10-16 


Using Polymath non-linear regression few can find the parameters for all models: 


See Polymath program P10-16.pol. 


(1) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: г = k*KNO*PNO*PH2/(1+KNO*PNO+KH2*PH2) 


Variable Ini guess Value 95% confidence 
k 1 0.0030965 3.702E-05 
KNO i 57.237884 1.0353031 
KH2 1 101.9967 2.2870513 
Precision 

R^2 = 0.9709596 

R^2adj = 0.9645062 

Rmsd = 5.265E-07 

Variance = 4.436Е-12 


К = 0.0031 Kyo =57.23 Ки = 102 


(2) 
POLYMATH Results 
Nonlinear regression (L-M) 


Model: r= k*KNO*PNO*KH2/(1+KNO*PNO+KH2*PH2) 


Variable Ini guess _ Value 95% confidence 
k 0.1 -4.713E-06 1.297E-05 
KNO 10 -108.42354 4.9334604 
KH2 i 1.046Е-05 2.878Е-05 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R^2 = -9.6842898 
R^2adj = -12.058576 
Rmsd = 1.01E-05 
Variance = 1.632E-09 


К = -0.00000471 Kyo=-108.4 Кн» = 0.00001046 
(3) 


POLYMATH Results 
Nonlinear regression (L-M) 
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Model: г = k*KNO*PNO*KH2*PH2/((1+KNO*PNO+KH2*PH2)2) 


Variable Ini guess Value 95% confidence 
k 0.1 5.194E-04 2.242E-04 
KNO 10 13.187119 7.659298 

KH2 1 18.487727 7.7652667 


Nonlinear regression settings 
Max # iterations = 300 


Precision 

R^2 = 0.9809761 
R^2adj = 0.9767486 
Rmsd = 4.262Е-07 
Variance = 2.906E-12 


К = 0.000519 Kyo=13.19 Km = 18.49 


The third rate law best describes the data. 


А 


Р10-17 (а) 
Моје balance: 
ах ("а 
dw ad 
Rate law: 
ЕКС, 
Decay law: 
da | kac, 
dW 0; 
Stoichiometry: 
C = Cyo(l ~ Х) 


Evaluate the parameters: 


=. 
POLYMATH 
Equations; Initial value 
d(x) /4(«) sa*(-ra)/fao 0 
dta) /d(w) s-kd*a*ca/Us i 


каг9 
faos4000000 
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Us=250000 


1.202 
k=30 Key 
сао=.8 77 À ољег 
ерз=.8 EV 
cazscao*(l-x)/(l*«eps*x) 3549 
хаш-КҰса 

2.406 
Wo = 0. “иш 50000 

P10-17 (b) 
Mole balance: 
ас, Са | 1+0 ар (Са. 
dt T 1+ Са T 
то 
dC. С Бэл 
AULAS А СА) =. ~ + тај; |- 228. 
а T Ч: 
~ 
dC, Са Са 
йа rT T 
M 
=. | C "i M 
dt t YAA 


taj 


Everything else is the same and we need to know T. 


T= = 0004 


% 
5 СЕТЕ 
Equations: 
d(a)/dit)s-kd*a*ca 


in Series 


dí(ca)/d(t)scal/tau-(((1eya4) / (4 9ca/ctol) ) санак) “са/ бам 
dí(caá) /á(t) sca3/tau-(((L*ya3)/(1«ca4/cto)) *tau*àa*k) *cad/t 
d(call/dit)scao/tau-(((1oyao)/(L4cal/cto))*tau*a*k)*cal/t 
4(са2) /4(5) аса1/5ам-(((1куа1)/ (1аса2/ссо) ) &tau*a*k) *ca2/t 
d(ca3)/dit) sca2/tau-(CULeya2) /(1аса3 /ссо) | Átau*a*k) *ca3/t 


к8=9 
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а 
Initial value 
H 

0.8 

0.8 

0.8 

0.8 

0.8 


8,090» 


tau-0.004 
сбо=1 

k=45 
сао=0,8 
ya4zcad/cto 
yal«cal/cto 
ya2sca2/cto 
уа3-са3/сьсо 
Xz(cao-cà)/cao 
Yaoscao/cto 
tg = 0, te 


P10-17 (c) 


The only change from part (а) is the decay law: 


4 ас, 


dt 


да аса 

ай 0, 
Integrating: 

lng = Ter ud ^k 

Us 

W= Wax @а= 1 

ісш-- ЫС, ах 

0; 


КС ~ У, 
a= exp CAU Waa) 


0, 

Equations: 
d(x) /d(w)za*(-ra)/fao 
Кш90 

! faos4000000 
Xda9 
05:250000 
ушах: 50000 
сао».8 
eps=.8 | 
cascao* (1-х) / (iteps*x) 
хас-К*са 
acexp(kd*ca/Us* (w-wmax) ) 


Wy * 0, We ~ 50000 


P10-17 (d) 


) 


5.800 


2.298 


8.505 


9. 


\ 
\ 


Py пали ин сг — 


808 -+ 


CS7R's in Series 


X 
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To find the Time-Temperature Trajectory we need to use the following equation 
for first-order decay. 


t= E "A E 1 | 
“КОЛ VRAT 300] 


Since no initial temperature was given, we assumed one of 300K. This is the graph 
of that equation. 


Temperature-Time 
trajectory 


Temperat 


P10-17 (e) 
The two energy of activations are switched and this 1s the new graph made. 


Temperature-Time 
Trajectory 


—— 


k 
о 
© 
© 


————— кене моны А: 


Temperatu 


2 —————H—— 


0 OMe 094 0.06 


e 


The graph looks the same just the time is much smaller. 


P10-18 (a) 


10-40 


For all of the parts, the mole balances and rate laws are the same. They аге: 


dc dC 
А = М, — В m py 


dW dw £? 
г =kaC, 


Find the equation needed for a. 


da 
i =k,aC, 
a= ехр(- kCt) 


a=] when t=0 


Assuming values for vo, К, and Ка come up with the following graphs according to 


the cases described. 


Equations; 
а(еђ) /dlw) =xb*vo 
Aica) /diw) =ra*vo 


уо=10 

ami 

kdel REY 
— СА 

tz2D Cb 

=] чүт 

ras-k*a*ca 

xb=k *a*ca 

No = 0, We = 50 


LE ни у 
H М, Y 
ы “е. 7 
е би ГЭ" ЊЕ 
~ | 
фу Ch | МОЙ 
— А + 5 
Wa ope X | 
1 А 
Le эр j \ | 
AGENS. a | 
H eem : 
t a H 
Lap О э Инн —————— 
алй аны Mn о xen 
9 


се 4 


10-41 


(ai 


Initial үзіне 
0 
1 
1 


Case I 8 541000 


— еее 


P10-18 (b) 


э 
Find the new equation for а: 


da 2 
MINE... К. ac, 
at " å 


1 
КЕСА 
Using same values come up with these graphs: 


Equations : Initial value 
dicb) /d{w) »xbo*vo 

d{ca})/d(w)=ra*ve 

уош19 

кӛе.001 К 
ts1000 ZEY 

k=l AS Са aema 
&az1/(l«ká"ca*t] ари 
ка=-К*а*са 


Эн 
1 
i 
i 
i 
1 
i 


% 


Y 


8.688 


rbek*a*ca | AR 


wg = 0, Wesa 8 N 


82200 4 N 


‚= 


2.0062 NI 
DECI 
ib) Case II 8 г=80 
к pom 
+ | 
| EN | 
0.800 + ЊУ . | 
| PM 3 
KEX 1 ч, | 
e Са 004002 + N | 
ЕВ | ЫЕ | 
а ? ж. | 
_ М. | 
má 
19.006 
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ibi Case III 8 б215 
1.000 


-- са 6.800 


E 
| 


со 
vU 
аа 
тий 
~ 


5.830 


0.+00 = 
i N 
2.200 4 „=“ 
2 куш 
uon) JL a NEED. 21202100 
2.005 2,690 1.206 1.866 2.400 3.000% 
P10-18 (c) 
Find the new equation for a: 
da T 
T аас, 
dt 
а = ехр( ~ k Cat) 
The following graphs are made: 
Equations: Initial value 
dí(ca)/d(w)zra*vo 1 
d(cb) /d(w) zrb*vo 0 
vou Ld 
ка=.001 
6=1000 (c) Case І 8 t«i1000 | 
Ка ЕЕҮ е 4 одани мине ее еее. | 
asexp(-kd*cb*t) 0000022 ca asss зай | 


rbsk*a*ca 


i "M 
| E 
rae-k*atca 2.600 | Қ 
х : У 


50, экш, 


0.е0% 


pues i. 
| 
i 


0.000 


о 
8 
р 
м 
8 
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1.653 ~ 
gey i 
E : 
— Са 0.802 1 


о 
br 


ЭНЭЭ | 
6.602 L 
EIS | 
2.206 | 
1 
Қ 
БЕ. Мыс е qe tire esp 
8.009 2.006 +.20 
о 
Pos МЫ 
NN ici Case III 8 та10 
SED a 
KEY А, 


0.005: 


- y uc = 
2.500 iar н 
|| m 
Au o Lb 
БОД swg 
| ou 
24 
% 
Д p 
Өлсе e 
T ын 
1 mmn 
ФП) eus ar aaa 
~ о» т Ramones 
о. ос 2.290 4010 men аласа Ж, 
> eti 


P10-18 (d) 


Making а into a differential equation we come up with this: 


10-44 


перен 


d{ca)/d(wi=ratvo 
а(ср) /d(w) =rb*vo 
Gia) /4(ы) =-kd*a*ca/Us 


rbsk*ta*ca 
rac-x*a*ca 


Mg se Mp 


1.000 


— Cà овдо 
2.600 


о. +00 


2.009 


Ћао - 


e Ca 0800 Ez 


+ 
} 
T 
veo 4 
с. ^08 | 
0.200 = 


e. oon 


P10-18 (e) 


(4) Case III 


Initial value 


слов ~ РЕ аи. ПИ ИН oe sk ыы ДЫҢ 
оло 2.200 asco 0.602 6.850 1.002 


энэ, 
ПЦ 
и 
т... 
— 
= 000 3.050 10.006 
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span 


Everything from part (d) is the same except for the decay law. 


Integrating: 


а а 


W = Му @а=1 


e 
МАХ 


а exp 


Equations: 

dica) /d(w) =ra*vo 
Я (ср) /diw)srb*vo 
маа 10 

кӛзі 

Us=10 

К=.001 

wma 1 O 

azexp (kd*ca/Us* (w-wmax) } 
tbhak*a*ca 
rat-k*at*ca 


“уд, Яғ 


-k 


КС (W " Wax ) 


ie) Case i 


2.362 


о 
n 
8 
beste nerui: 


Беген 
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AIG za ЕН = 
== Са сс 
Ch | 


| 
n 
[=] 
Ё 
% 


> 


н} 


g 
м 
n 
F 
{ст uiu { 


| 


“0.006 lo. aaa ин о 
5.000 2,000 4.000 82000 8.000 боа 


1.060 


Мт нан аа, қыны ТЭРЭЛЖ, Pi 
= Ca „нос 4 
co ° | pd 
— а Т p d 
9.500 md 
5.400 iu 
8.260 T 
вор | аара аа Оаа УЛ шиг ИРЕК 
2.000 2.200 4.000 5.205 aos 055 
P10-19(a) 
da 
== W=Ust dW =U, dt 
dt 
dt да к, au] БИ 
dW dt 0, U, 
Hos ОН desque he нар 
5 р 2 
2 
Сты н А] _ 4&С%(1-Х) 
А 
dW Е A0 Е A0 F AO 
ах (, kW Cs (1-х) 
dW 0, 2 
[ ах | _ АС Ї-22" aw 
a-X) » U; 


Activity is zero for W > 2.5 kg, so the catalyst weight only goes to the effective weight. < 
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qr MM MÀ 


Х-02 


P10-19(b) 


P10-19(c) 
For infinite catalyst loading a = 1. 
dx kc (l-XY 
dW Vo 
X _ КС до W-1 
1-Х ъъ 
Х =0.5 


P10-19(d) 
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U, -k,W -02*5-1 8 


5 


P10-19(f) 
а = 0 means there is no reaction is taking place. Activity can never be less than 0. 
P10-19(g) 
U=-U, 
D mu when W = У, a=1 
dw 0; 
a= 21 +С 
$ 
1= LA +С 
0, 
а = kW, +1— kW, 
Us 0; 
Now find W,. 
0z KEW, үү. KW, 
s Us 
wee КЙ, _, -5 23. | а 
КЫ), U; ib Э 
W, = 2.5 
2 
ах 1, ЮМ. ур |С (1-Х) We Wt 
aw U, Vo W 
ШЕ 1 kW, +W dw 
1-Х >, n 
21472 
Ж. Оду (w, -W,) СГА Ра 
1-Х » | U, 2 
* EA 
ES =0.2 (5-2.5) 19275 423-625 
1- X 0.5 2 
ЊЕ 1.875 
-X 
X — 0.65 
P10-19(h) 


$=160F,,X —10U, 
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122,6 


То maximize profit, a maximum in profit is reached and so we set the differential of profit equal to 


-1- 
0; 
СЭРЭЭ 
dW 0, 
2 
ми е 
20, 
0. 
Ее 160F ,, SE 10 
0; 40; 
ах MW" 
dU, 20; 
2 
160 вы. =10 
20; 


8F,,kk,W? =U; 


И; = ВЕКУ * E J8(2)(2)(2)25) 


T 


min 


P10-19(i) No solution will be given 


P10-20 (a) 


Start with the mole balance for a batch 1eactor: 


Rate law: 
-=k Ba 
Decay law: 


da, 3 
хөөж ШД Kd 
dt 


Stoichiometry: 


P, = PA - X) 


Plugging those into POLYMATH gets the following program and the following 


graph 


—— 


dix) /dic}=s-rt*w/nto [6] 
dta] /dit)s-kd*a^2 1 
w= 
ke=20 1252 E" мый NOM nie EN Ace Baie NS. 
ка=1.6 ya : eo 
ptos Б 2925 г Ж” 
A E 
5.800 т / 
R=.082 1 / 
T2735 TNR / 
ptepto*(l-x) | / 
rtzs-kt*bt*a dins Tf 
ntozspto*v/i(R*T) ак у WOR ie ed ee PEREA T — 
- 2.650 2000 4.355 4 ded 2.20 $43 
950. *g a 0.001 t 
For the moving-bed reactor the mole balance now becornes: 
dX — —n 
11 1 
а” Fo 
The decay law now becomes: 
је 
da К 
ау U; 
Everything stays the same. Plug into POLYMATH. 
The conversion achieved is X = 0.266 
Equations: inizial value 
dix} /diw) s-rt/fao 0 Г 
аса) ға (м) s-kd*a^2/Us 1 
Кск20 
faozs600 
Ка=1.6 Variable I : м. Final valus 
НЕРУ) “ 9 3 50 
ptos2 е i Н 266816 0 9.28515 
а H 1 2.243962 0.0243301 
ptspto*(1-x) ke 26 20 30 2с 
rtz-kt*pt*a fao 500 600 650 600 
ч. = 0, Wwe ка 1.6 1.6 Ls 1:8 
0 Е = 50 ts 2 2 2 2 
pto 3 2 2 > 
pt 2 2 148788 1 46765 
zu -40 0.715841 ЦЭ 0.715945 


Р10-20 (с) 


c) Increasing U, will get us a higher conversion. Looking at this summary table, 
U, = 10 kg/h and X = 0.6 


10-51 | 


Initial value Maximum value Minimum value Final value 


м 9 50 a 50 

а 1 3 0,111111 0.111121 
х 0 6.589688 9 0.399588 
fao 8090 800 500 600 

ка 1.6 1.6 1.6 1.6 

gs 10 10 0 16 

ke 20 20 20 20 

pto 2 2 2 2 

pt a 2 0.809625 0.800625 
rt -40 =L. TILT >40 -1.17917 


Р10-20 (4) 


For second-order decay: 


pm ин ИВИЦУ ДР сн 
E „@- 2 2037 D Ка Е.Е U -1) 
For E, = 25 kcal/mol and E, = 10 kcal/mol: 


“CAD p 


ЕС : Ї 
35 Па A 0.96 1 7,549 Тл 

UG 6X10/25 1) | (Т 7351 
Use this equation in Excel to generate the following graph: 


Temperature-Time Trajectory ‘Termperature-Time Tr: Secus 


E225 and E,-10 


1600 үнээ 


) 

= 
2 
© 


Temperature (K) 
Temperature (K 
5 
8 


% жо 100 500 400 
Time (8) 


For E, = 10 kcal/mol and E, = 25 kcal/mol: 
A |ы 25-10 ЇЕ» 11 || 
001987 735 
а us 0. ) 2 1152 шинэ ЖЭ) PE мо 7,549 M 2- 
1.6(25/10-1) | T 735 


— 


) 


Use this equation in Excel to generate the above graph. 


P10-20 (e) 
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Em and e 65 


i 
i 


Ín part e, the only thing that changes from (b) is the decay law and the decay 


constant: 
da kPa 
“аж и 
k, = 0.2 


Plugging into POLYMATH we get the following summary tables for U, = 2 and 10 


kg/h. X = 0.50 and 0.88 respectively. X will again increase as U; increases. 


Equations: 

а(х) /diw) z-ra/£ao 

dia) /d(w) z-kd*pt^2*a^2/Us 
х4-.2 

Usz2 

Ғао=600 

к©=20 

ptos2 

ptzpto*(l-x) 

raz-kt*pt"a 


э“ 9 Ч 


Variable 


Maximum value Minimum value Final value 


80 
0.875709 


a 


0 
0 


++ 


~ 


оно ој 


а 


~ 
ооо 


о 


ыы 


ГЭ 
о 


0.553922 


0.2 
19 
699 


А Э В Elementary reaction with 1° order decay. 


10-196 
Variable initial vaiue 
“ 0 
х 0 
а i 
kd 0.2 
05 390 
бао 600 
kt 20 
pco 2 
pt 2 
га 540 
Р10-21 (а) 
се —Кра 
dt 
a=exp(-k,t) 


P10-21 (b) 
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Initial value 


0 
1 


50 
0.502431 


ы 


мм ом оон 
о о : 
© 


-2.08253 


50 
0.875709 
0.353322 
5.2 

10 

800 

20 

4 
0.248581 
-2.75388 


nícial value Maximum value Minimum value 
218: Value Махышша ударе fHigsimum vaiug 


9 

0 
0.104535 
9.2 


0.995138 
-49 


Final value 


50 
9.502431 
0.104635 
9.2 


0.995138 
-2.08253 


1.0 


t 


The activity is never zero for first order decay. When а = ехр(-К pt) there is no t such that a = 0. 


Р10-21 (с) 
Mole balance: 
dX А. AW Tig repay 


Rate Law: 
n'--àa [7 (t= 0) | 
=r, '(t = 0) = 66, 


Decay: 
а z exp(-kyt) 


Stoichiometry: 
C, C (1- X) 


Combine: 


dX W 
m exp(—kpt)k, (1- X)— 


Vo 


P10-21 (d) 
kw (02)0) , 
kw (000) 


X =1- ехр(-2| 211- ехр(- 1)])= 0.97 


10-54 


Р10-21 (е) 


Decay rate increases more rapidly with temperature than does the specific reaction rate. Therefore, 


conversion decreases with increasing temperature. 


P10-21 (f) 


EW (т) =2exp з 51-28 | -0.57 
kv, 310 400 


k р=0.1ехр ж 52-10) -0.53 
300 400 


X =1-ехр(-0.57[1-ехр(-5.3) |) =0.43 


Р10-22 (а) 

In order to get a high conversion the entering pressure should be as high as 
possible since the rate is a second order function of the pressure. U should be 
kept low since the conversion is an indirect function of the flow rate. 


P10-22 (b) 


The problem with such a low flow rate is that the activity will remain low 


P10-22 (c) 
We can use the same equations that are given in example 10-7 with a few 
exceptions. For example the rate law, we use the one given in the problem: 


ob pe 
"А == KPS 


The activity will be different because the equation given is different: 


da 
dt ERSE 


_ Ча _ EpaCeoke, 
dz U 


To find the concentration of coke we use stoichiometry: 


X 
Foie = Pao truy 
5 17773 
Oe RT 


We find that the value that gives the best conversion (X z 0.337) and uses the 
whole reactor is U = 7. See the following POLYMATH program. 
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ка» 109 


kprime=Se-5 a 

х 
По? 

сас 
врея! 
eos] ха 

2.082 kprine 

T-673 чо 
рао=12 бре 

R 
хһох80 T 
UsUo*(liseps*x) pao 
pa-pao*(l-xl/(i«eps*xi rho 

: g 


pcokespao*x/(li-eps*x) 


ра 
a3 eL m $ e 3, 

raprimesa*(-kprime"'pa^2) рсоке 
ccoke-pcoke/R/T хәргіле 
rasrho"raprime соке 

г га 
ж p = ~ 
2,50. Е а 15 


P10-22 (d) 


i 
9 
1 
9 
с 


+ 
5 о 
о 


© 
у 

с> 

іл 


Oo i ~ e 


Initial value 


3: 

9 
15 о 
5 9.000254948 
с 336731 с 
0.22 0.22 
106 109 
5е-05 56-05 
7 3 
1 1 
8.032 0.082 
873 873 
12 12 
86 80 
9.15712 7 
12 5.95425 
3.02288 0 
-4.51934е-07 -2.0092 
0.0547752 9 


-3.615472-05  -0.576 


То find this the only change necessary was Ше values for the k's because 


they change with temperature. 


Rok КУ. 


^R 4673 л 


kp =5х10°?ехр 


kp = 100exp 


-4.519348-07 
0.0937752 
“2.651847ө--А4 


The POLYMATH program below shows the results. The temperature is 485K 


and the conversion is 0.637. 


10-56 


— 


Equations: Initial value 


d(x} /d(z)=~ra/U/cao 0 
(a)/d(z) z-kd*a*ccoke/U i 


kdz100*exp(15000/1.987*(1/873-1/T]) 
kprimezsSe-5*exp(3000/1.987*(1/673-1/T)) 
0405 {l+eps*x} 

paspao*(l-x)/ilseps"*x) 
pcoke-spao*x/(lreps*x) 

ceoke=peoke/R/T 
raprimesa*(-kprime*pa^2) 

rasrho*raprime 


Zo = 0, Ер = 15 

Variable Initial value Maximum value Minimum value Final value 
z 9 D PN 9 is 

* 3 0.527285 0 0.537285 

а 1. $ 0.505597 9.605637 
cao 0.22 0.22 0.22 0.22 

џо 3.5 2.5 2.5 2.5 

eps i 1 1 i 

R 0.082 0.082 0.082 о 082 

т 485 485 485 485 

paa 12 12 12 12 

rhe 80 80 80 80 

ка 1.2932 1.2832 1.2932 1.2932 
kprime 2.09558е-05 2.09558е-05 2.09558a-05 2.09558е-05 
9 2.5 4.99322 2.5 4.09321 

pa 12 12 2.65841 2.85841 
pcoke 0 4.6708 9 4.6708 
ссоке 0 0,117445 9 0.117445 
rapzime :0.00301763 8.9702ie-05 :9.0230176: -8.970216-05 
ха “0,24141 0.00717818 б.24141 -0.007176186 


Р10-22 (е) 
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Е 


“То find the temperature-time trajectory, use equation 
where necessary: 


ВЕ cae EUE Ca. 


147 


The following curve is generated from that equation. 


Time-Temperature trajectory 


po қ | 
| | 
1 | 
| : | 
j H 


CRETA 


эре ИЧИ 


0 0.005 20.01 0015 002 | 


P10-23 (a) 
ша MARNE jesse 


Design equation: 


Assume М =19 24. 


Cumene M 
(A) 
Fao (1-3) 


——  R——— 


г = БАОХ 
W 


t= Faox 


Propene + 


(К) 
Елох 


Benzene 
(S) 
FAoX 


(10-119) and add C, 


The amount of cumene ћудгорегохије does not conuibute significantly to the toral number 


of moles, 


FaoX _ 


ус = mm Я m — HIP 
5 Fad IX) + FaoX + FaoX 
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RI Бин ши г -00563 | 00371 | 
ЕН ШЕШЕН 


о Фу юы 0 ыу ШЕ 


in а VS. t gives the best fit а = со 


а = 4.27 x 10? (sec-i) 


Therefore, decay is first order with decay constant of 4.27 х 103 (sec) 


P10-23 (b) 
C „КА. ~ Fao(1-X) -X) 
жэл) > 


Assume no AP : а-ы ы HAO ~. v =(1+Х) vo 
43 7007 а № Fao 


Fagl- -X) uc 2-0: X) 


„А = 


vdleX) | ^0 EX) 


PA 2 C, RT 2 Cag X дт 


(1-Х) 
Mass balance: Едо dX -rdW 
reek Py 


Dm —— 


Us 


10-59 


прок 


5 Fag dX = “ГҮ: dW 


x w 
Fao 1=Х ах = (ДЕУ! туу 
«cts | каш 3 о (ја 


Fag = 20 mol/min = 1/3 mol/sec 


Cao = 0.06 kmoi/m? = 0.06 том 


К = 0.082 .2mrl 
K*moi 


T 227344202693 К 
К = 3.8x10? mol/g sec arm 
a -427x102 sect 
W = 100 ке 
Us = 10kg/min = 1/6 kg/sec 
Equation (1) becomes: 


2In(1-X)+X= Сато (а) л 


(o.06x0.082y69343.8x103)(099)[ | 427101000] 


| 
Z ния Ко А meme = 1| 
(4) 627x10 | | i | | 
=-14 х 103 
Х = 1.00 
P10-24 (a) 


S > W + СО; : first order, irreversible. 


„ба = ky an CR = Ка an 
di А 


-ra = Ка Са 
Assume п=2 : a= Е 
ие 
ы НЕЕ ЕС 
in ЕЯ {Кот 
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For T=300K 


X3 1 07 0.56 045 038 029 
Min [+ 99.5 1424 1781 2217 2626 3443 
For T = 530 K 
(min) 0 5 0 15 20 30 40 
X4 2 12 089 0.60 057 042 033 
ма (152) 49.5 828 1118 1444 1749 2376 302.5 
Ы 
| 
| 
xn + 
ш1/1-Х)) | Ф T = 500К 


ФТ = 550K 


They are straight lines 2. п=2 


For T; =500К : slope = 204 I. 
СК ) = к, =002 
[1Ашетсерї] = 0.01 = (c Kh 


For T;2550K : slope = 6.325 


(c Ky - 0.02 | do aer 


Ка, 0.02 = Ы 
Ка 0.1265 77183141850 500/ 


Ез = 84,344 -t 
Ke ao Еј оо 


Ка, = 1.296 х 103 
We want to паши Ka = constant 
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ELI. (ек flu 
күт” Көп + кай 


160. 
140 
120 
100 


Р10-24 (һ) 


Since the equation for the acivation is: 


we cannot find a time for which a = 0, because itis mathematically impossible. We can, however, 
find a time at which the activity is small enough that it can be considered to be zero. The following 
graphs show the activation for the two temperatures given 


Activity of catalyst 


Фа (500) 
СОЁсга(550) 


activity 
о о 0 
NM ыж ош ~ 


> 


0 500 1000 1500 
time (days) 
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Ihe graphs show that for 500 K, the lifetime is about 1100 days and for 550 K, 


the lifetime is about 450 days. 


P10-25 
First we need to find Cao- 
10 
ЕТВ 
Утв = 0.1 
"E. 3 
Сы = Руда ,3*10 (0.1) _ 0.065 


RT (8.309)553 


Start by guessing that the decay is first order: 
Ки = In(k,) ln pe 5 E РИ 
( C 


XVe were told that the reaction is zero-order when the conversion is less than 075. 
This is true at any time after 2 hours. We also need to find the denominator 
as a function of conversion. 
-C » 
ue “А0 
Сао C, = Сау 


Х=- 


So we graph this: 


1 

In-—. VS, t 

СХ 

This is the graph that we get: 
іп (1/сао*х)) vs 
time 

: ЗЭРЭГ ыы пи REID 
| * 

o 

а 471 „7 | 
| ~ > | 
| БО 2f у = 02024х + 2.6478 | 
| = | 
| 0 men tessile erotische m ttti ее медни өлемі | 
| 0 5 10 15 | 
| Time (h) | 


As can be seen this graph is linear which means that the decay is first order. We 
also know that the slope will be the decay law constant so k, = 0.2024. 
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€—— À 


Р10-26 (а) 


Mass balance: 


Rate law: 
-ra = КАСА 


Decay law: 


Energy balance: 


Ua қ 

— ТА-Т)ы(-тАД-АН 
е-е 
dw WiC А 

Stoichiometry 
1-Х 

Сул салс 
4 ii. 


Evaluate the parameters: 


p 
3 77 m 
К = 0. зеж 37 (55- У) 


; ІМ 
Ер ED ШАР гэ ЕЗІ 


Plug that into POLYMATH and get the following program and answers. 17, to get 
maximum conversion will be 17 kg/s. 
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i 
| 
| 
i 
i- 
i 
i 


Ecuations: initial value 
A aene nmn а акаси 


diàal7d[w) z-kd*a/U 2 

d(x)/diw) =-га/ Бао д 

Alt) а (м) z(Uar(Ta-T) -[-za)*í(í-Dhrl))/(U*cps-fao*cpa) 452 

faos5.42 

11427 

та=323 9524 

рвхј=-80000 Variable ра value Maximum valve Minimum value 
ж 9 52 9 

©р==100 а = 1 0.251595 

сраз40 к 5 0.887222 а 

Edz7000 T БЕР] 545.613 450 

Erz3777 fao 5.42 5.42 5.42 
п 17 i? 17 

=,27 

слона та 323 323 323 

eps=1 Deri -80000 82009 80090 

Џаг,8 cos 150 152 109 

kdz.0l*exp(Ed* (1/450-1/7)) cpa 32 32 Ын 
га 7090 7690 7000 

kz.33*exp(Er* (1/450-1/T)) > 

$ хр ( ( ) Еш 3777 3777 3777 

сазсао* (1-x)/(i-eps*x) wae 0.27 3.27 0.27 

raáz-K*a"ca eps H i 1 1 

wa = 0, We _ Та 9.8 3.8 9.8 0.8 

0 £= 50 ха 8.01 1.114€ 0.01 1.1401 
х 0.33 1.19728 0.33 4.19718 
ca 0.27 0.27 0.0162349 9.0161349 
ха -0.0892 -0.0183938 -0.14641 -0,0133828 


P10-26 (b) 


Using the same program we can see that the maximum conversion is 0.887 


P10-26 (c) 


Everything is the same except the energy balance: 


ат _ Uäw(T, = T)* hi (S - T) + ранк 
dw Fio oA 


We also need an energy balance on the catalyst particles. 


Choose values of h and a,. We find that T, needs to be slightly higher 
than T in order to get a large conversion. The maximum conversion will 
be different for each T, that is used. 


CDP10-A 
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m M MÀ 


"Given: The caralytic oxidation of ethanol 
CH, СН, OH + i 2 О? — CH; СНО + НО 


Denote: А [=] CH; СН OH , B[=}CH; CHO , W[=] ERO , А55 [=] CH; СН: 0-5 


Mechanism is belived to be the following: 


А +25 С AS+HS -ta =ka[Pa C$ - Саз Cus/Ka] 
О +25 © 205 чо = ko[Po, C& - сој 
А5 048 1 В-ОН-6-5 тло = kao [Ca:s Cos- Рв Соњу СУКАО| 
OHS’ -Н5 2 W+S+S’ чуу = kw Сона Cus - Pw Cs СУ] 


It is given also that Сн = Cas 


With reaction (rao) controlling 


s 0 Cas Сн< = КА РА Сї ог Си = Cas = YRKa Pa Cs 
A 


гэдийн Cds: = Ко Po, Сү ог Cos = ҮКо Po, Сї 


Ру Cs Cs PRIM 
рев 0 Cons: Сн = == с with Cys = ҮКА Pa Cs 
W ду 


с 23 Се 
OHS = ОР. 
Ст= Са + Сиз + Cas = Cs [1 + 2УКА РА] 


Ср = Су + Cog: + Cons: = Се 1 YES Bo, + : : 


Kw УКАРА HU Pa] 
! Рв Соње Cs Рв Pw Cs Су | | 
E Syn Cre Cac beeen €s] =k y К. р Pa "C Су S i їл 
Tao = kaoi Cas Cos ко «|! АРА Ко Po, Cs Kw Kao VEZ Er] | 


“TAQ = ~~ 


Ка = Ka Kw Kao "Ко 


kao ҮЕХ Ko Cr Cr |PaYPo, - 3 aes Ka қы 
ТАО = ТЕП. ы КТР 4 s E - PEE самые Py — Вы | | 
ү + e P 1 + 1Ko Po. | 
А! i Ko mes "Ew Y и Р А | | 
initially Pp Бурай | 
Као ҮКА P4 Ko Po, Cr Ср | 
af АО = пло ть +. à 
(1+ OYK.P ile 2ҮКо Бо.) | 
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(b) With reaction 3 irreversible, -rao = Као Cas Cos. Since A-S, H-S, OH-S' are created 
(and destroyed) only at the reaction surface. A stoichiomerric relationship exists between 
them: 

Cys = Cag + Cons’ (а) 
The same equilibrium expressions for reactions (1), (2) and (4) exist as before: 

Cas Cus = КАРА С (b) 


Pw Cs Се 
Сон Cus == Ev (c) 


. Pw Cs Су. Pw Cs Cs 
г. (Сва - Cas) Cis m => СВ = КА РА C + — 
Ew Kw 


or Cis = Y КАРА C$ --- X 


Орање Ka Pa C$ 


к; 
2 ДОР 
КА РА С: + pe 


Ру Cs Се 


Kw 


»2 Р, „СС; 
with К.Р, С; >>“ 


Ст= Cs [1 + 2УКХ РА] 


Р, 
Су = Са 1+ Қ.Б, Тот 
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Rate expression becomes: 
-ta = kao Cass Cog = kao Ko YPo, Су ҮКА Pà Cs ------- 
2 fe 
. Ру С | 
ї+ Ри С 
Kw КА Р А Cs 


+ 


: Pu finie 
with - << t Р 
1K Be << Ко Ро, 


кој С 11. 


анаты | — Бо ЕЕ 
Tz £i [ra >. op" NG] f sy ~ 
n + JE, P, | 1+ 45.5, occasus E: ts. ) | 1 e B С; | 
i. „Се E „РС, 
Cy іы ҚАРА with 


Да M вама 
| ЖЖ ee атаса ы 4- — | 
UK, KP, 1+ 4E 6, 4 Фу | 
CDP10-B 


We can first try to come up with a rate law for this data. We can see that as Р, 
increases the rate law also increases but slowly the amount by which it 
increases becomes smaller this tells us this: 


Since both reactants are adsorbed the mechanism must be a dual site. This 
makes the rate law: 


КРЕРН___ 


‘A 1+ КЕРЕ + Kui 
We can then plug this into POLYMATH and we then get the following values 
for k, Kp and Ка. 


kz146 
K; = 2.63 
Ки = 1.76 
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“== 


o Regression 


| cata 
С Сас. атес 
| value 
| || 
| 
| | 
i Н 
i ! 
Ї 
|| 
Я || n 
И Y Ad 
2 3 4 = 5 2 


Model: rateskXxCoxOhn,Ci-KexDecKhx9n3^2 

& = 14,3344 Кїз = 1.278792 

Ке = 2,6347! 

1 positive residuals, б negative residuals. Gum cf squares = 1.45236e-06 


CDP10-C 
(1) №0 +5 22 №0.5 


SiH Cl; + 2N40- S -> SiO; + 2N; + 2HCI + 25 


kPpcs Pho _ 


[si m aeee 


(1 + Kno ProF 
(2) МО +5 zi NO.S 
NO « S + SiH; Ch (g) 2 SiO- S +2На + № 
№0 -$ + SiO- 5 — SiO; + 25 + № (Rapid) 


^, = KPpcs Pro 
"50, l + K PNO 


(3) Ta = ra "Рив Flow Reactor) 
ЭР e 


PN [ 
Fao 


op = Pup Pocs. 
А 1+ Клоо 


та 
dX 
E 
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m——— ВИЙ 


1-X 
Pocs = PA = Pao tay 


Өр-2Х 
Рио = Рв = Рао (65-28) 


(6-2х) 


__ К Pho (1-X) ( Өв-2Х) 


€——— 


(1 + EXP + Kg Рао (08-2Х |(1 + X) 


Slope = Ё = 0.7465 


1300 k 
Pro Pocs Intercept = 1 = 703 
5 1200 k 


k = 1.49х10-3 A/mTorr™min 
К = L1x10? mTorr! 


300 400 500 500 700 800 900 1000 


Ри (m Torr) 


Кв = 1.1 x 103 m Torr! Kg Pa; =(1.1 x 103 (157) = .173 


k Рао = 1.49 х 103 (157} = 36.68 Алпіп 
Ca = 367 Алиш _______3:07 - 22 (1 Х) ______ 
5 {1 + .25Х} +.173(3.07-2Х)(1 + 25Х) 
Едо = 3.68 x 103 gmole/min 
у = (Аді) = 44 x 1067. {gmole) 
> ^ (nz min) 
а = 250 m/min 


X 
а.) dX — Ares under curve of X vs. 1 
AD E " 


Ta ТА 
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мл 


^. ? » А - V. 

x х Ап) 444, В) wa (пало) рі Маз) 
0 736 0.0136 3091 0 
0.025 70.3 0.0142 3235 79.1 0.0012 
0.5 67.0 0.0149 3392 82.8 0.0012 
0.1 60.8 0.0165 3739 178.3 0.0026 
0.15 549 0.0182 4139 196.9 0.0029 
0.20 49.4 0.020 4545 217.1 0.0032 
025 442 0.0226 5145 242.3 0.0036 
0.30 39.3 0.0255 5784 273.2 0.0040 
0.35 34.7 0.0288 6547 308.3 0.0045 
0.40 304 0.0328 7465 350.3 0.0052 
0.45 26.5 0.0378 8589 401.4 0.0059 
0.50 228 0.0439 9983 4643 0.0068 
0.55 19.3 0.0517 11746 5432 0.0080 
0.60 16.2 0.0617 14029 644.4 0.0095 
0.65 133 0.0751 17067 7714 0.0114 
0.70 10.7 0.0936 21262 958.2 0.0141 
0.75 83 0.01203 27338 1215 0.0179 
0.80 6.2 0.01617 36760 1602 0.0236 


Reactor Volume per wafer = 9.8 х 104 m3/wafer 
2. Number of wafers, n = V/9.8 x 104 
A plot of conversion X, vs. number. of wafers can be obtained 


200 ------ 


100 


-ra (A/min) 


No. ol waters, n 
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The thickness оп these wafers can be obtained fom the same plot. 


Wafer #1: Х = 0 


73.6 A/min 


4 


с. After 30 min: 2208 А 
Wafer #50 : Х = 0.52 

22g 20 Айпіп 

г. After 30 min: 600 А 


Wafer #110: Х = 078 


т,” 6 A/min 


de 


2. After 30 min: } 


CDP10-D (3/e CDP10-E) 


CDP10-E 


(a) For simplicity, letters were substituted for the species in the 
problem statement. 


А = TIC, В=МН, C= TiCL(NH,), 


Dz TiCL (NH,), 45 


Ihe rate equations for each of the three steps in the mechanism 


Ч р 1 
:. ki (а 3: амебы ~ ry 221 Е 
ТН Эг ЗА Р.Р,--2-1--85 >Р. =К,Р,Р2 
| К, | 
1 £ fu | fast мер 
- te m Ke] РЁ, mos | сене Го Кореб 
| Ke | 


—Трер > (fs Xt, ) 


Equations 1 and 2 are substituted into equation 3 because the 
third step (the deposition step) 15 assumed to be the rate 

limiting step, we want to find the rate law of the deposition, and 
we have data for the deposition rate. 
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Also, remember that we have the relation beiow: 


у = 


Substitute everything into the deposition rate law: 


—-Грер Sete eee, Where К, and k, are constants 
We now have to check if the above rate expression agrees with 
experimental observations. 
* The rate of deposition is independent of Ar and H.-YES 


* At low partial pressures of ТІСІ, and NH,, the deposition 
appears to be first order in TiCl, and second order in 
NH, -YES 


* At high partial pressures of МН,, the rate varies inversely 
with TiCl,.--YES 


(b) To determine the reaction rate parameters, we must 
rearrange the rate expression to a linear form. 


A plot of the experimental data is shown below. 


Titanium Nitride Film Deposition 
Мода Verification 


SQRT(aPb^2/Crdep)) 


f)» LAZISES UE «2215796243 
RAZ э 9.974980БА 


Ф оң c б о о 
Бэ: 38888 
ЕВЕЗЕЗЕЗЕЗ 

205 = 
-7 NSF цу BA RA oO 
= 

PaPb^2 
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—— 


Е Е Ж mol 
К. = 2.035 x 10 oo 
cm? • min* mT? 


(c) The experimental data, when plotted with the rate law 
derived in this s pro oblem, form a straight line. Therefore, 
proposed mechanism mav be used to describe the 


the 
deposition of titanium nitride films. 


CDP10-F 
Given: The dehydrogenation of ethyl benzene to styrene: 
Cg Hip — Cg Hg + На 
E >» St + 


Олапшапуе data suggests reaction rate is of the form 


А: Ре 
“Ге ———— MB) € е прате ее кен } 4 } ^ n 
EV АГ eas Pog ОСТ А1, А2, Аз are constants 


The fact thar Org) is independent of Но suggests that the reaction is izreversible, and that Н; 


is not adsorbed on the catalyst surface. Also, the above expression for (-rg) suggests that 
both E and St are adsorbed on the surface 2. Try the following reaction scheme. 
‘E+S4r>EeS ; TC 
4 -ra = ka [PECs - Ср КАЈ 
Коб<е> 5195 + HA, 

“Ks = ks [Ces - Суб Pr | 
579.5 <> Ste s = ks (Св - Сес Pu/Es] 

“tp = kp [Cseres - PsCs/Kp] 
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па о за > у Бе] 
To insure that Py, does not appear in the rate expression assume that the surface reaction 


controis: 


2А =0 Ces=Ka СР 
КА 


Then: CrCs + Се + С зев = Сз]! КАРЬЕР 


Kp 
Cses Pu. [Pe-z Ps; Ри, | 
And а =k [ce ЕЕК, С. - £ 3 
id -rs = ks | Cg K; |] Rs КА 5 |РЕ ақы 


ks Ст Каре “аль 


ЭГ 45 9 —— -t , where Keq = КА Ks Kp 
1+ КА РЕ +È == 
Кр 


with Ks >>> 1, reaction can be considered irreversible, and its dependence on Pa; drops. 


our 5 == ЛАА, Where k= ks Cr 


Evaluation for К. КА and Kp 


R i i 1 РЕ шш eeu 1 РЕ 4 Ра 
Carranging the rate expression: ЕЕ, КА eB E к--- геч E КК: 


with Ps, — 0, a plot of = vs. Pg should be linear with slope М and intercept a Since 
КА 


only two points are given with Ps, = 0, И is easy to solve analyticaily: 


—— 


Pg P | 
E = k kr + i (Peh and (Ені ж БЕТ + 1 Р 


From above : - ы PRR 
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и 


КА = 16.64 amr! 
Now, taking Gata points 1 and 3, in which Pg is constant, the value of Kp ККА and hence 


Kp can be determined: 
monie c а ај (Реф 
Бо рош 1 нэ КК. + X (Реј; + ЕЕК. 


Substracting, and solving for uad noting that (Pg); = (Pg) 
Kp k Ka 
е О ЕЧ ЖЕРЛЕ көй 
PUT _(Peb |] - [4] (ав TN 1. 1415x102] gm саг- тіл 
КокКА (Рез (Psh 2 -00 gmol 
| eva? 4 ЗА Cat - min 
Е: ЩЕ 14.3 € sei 
Kp К КА зл gmole 
Kp = 0.007534 
n Rate expression is 
dphcec че ЕЕ, 2-21 ВА 
М +1 РЕ хэн | Е + 122.7 251 ЛЕ I. 
s єз E 07007533 
с т 
а А = | 1-2... ky Po ЛИН БЕРН 04.1---%-- 
(a) (MWe = 106.1 ol ‚(ММ = 18 ~ noie ‚ МБ; = 104.1 Боје 


1 гтпоје БО 


: E сыла ды = 02 
Then 61 S eua 0.2 
YEO = о =0.833 ; Ре Ро=0.415 ; Ха-0.60 ; S=2-l=1 ; Т=зозек 

ver f 


жез баса ; Fy = 2000, КЕ ее = = 192 kemol = БЕОХЕ 


р, 


Pe = CeRT = РЕКЕ _ Fed) XIRT СеокЦ1-Х) укоРо1-Х) 
Ке 5 НЕХ)  1+еХ Trex 


Fs RT _FeoX RT увоРоХ 
o udl-eX) 1 
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Rate expression for any X is: 


TE = 
m T. rici 1327 уно Р,Х 
1+ 16. NIE T ER + 1 т” ЄХ 
" Feo ХЕ 
Design expression for a CSTR (fluidized bed) is W — ED E 
Feo ХЕ! 1+ЕХЕ |, 16.64 4 132.7 ХЕ} 
0.025 [уво Ро (1 Хе) ТАР 1 
= Ез, Хе f LEXE _ 1664 + 12277 Хе) 
0.025 Xp ivg.o Ро (1-ХЕ 1-ХЕ | 
_ 19.210? gmoi „1 дауј 1+0.833 (0.45) 222, , 132.7 (0.45)] Ішу - 
day 0.025 10.833 (0.415) (1-.45) - 45 24x60 min 


W = 7.06x10* g 
Cost = 70.6 kg x 1. =5777 


(b) Plug flow reaczor, expression for vg o, Fs, Pe, Ps, and -rg аге the same as for the 


CSTR. The design equation is: 


F 
Wesce {ш | 16 Pat: 
0025 X; Z py (eX -[l+e]la[1-X]) + 16.64X + 132.7 X - In (1- хэ 


Fs | 
Cac cae s door nf np = 2 п{1- 
ӨЗЕП УТ eXp -[1+e] Inf 1-Xp]) + 16.64Х + 132.7 [Xp +1а{1 Хей 


5,0 Р, у 
w.192x10 gmol — үү. gmcarmin 
day gmol 
|-833L45)« 1.853 In (1-45), 1 6400.05). 132.71 lex 
| (0.83310.415) + 16.64 (0.45) (0.45 + In (1-0.45)] 24* 60min 


CDP10-G 


Given: reduction of CO with hydrogen over Ni catalyst: 


СО + 38) -> СН. + НЊО 
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0.0183 Рн. Poo 


Kinene given by: r= 
5 б i4 * 27. 5 5Pu о 


gmoie E 
£m carmin 


From the above expression: 


1) The appearance of P? in the denominator suggest that H 15 adsorbed on the surface 


2) The fact that CO does not appear in the denominator suggests that it reacts as a gas 
phase species. 


3) Тһе square root dependence in the numerator suggests that H> splits. 


Therefore, suggested mechanism is: 


ky 
Hz + 5 ~ Hes чу = ky [Pg Cs - Сны КИ 
€ — 
k2 _ – + [6 _ 
«Небо + S 2, 265 fy = k Спас, ~ Сва! Ka] 
ed 
Р _ № 
HS + CO 2, CHOS -13 = Кз [Cues Pco - Сноу КЗ] 
= 
ka ~ 
CHOS + HS + CS +Н20 + 5 та = ka Сснон Сна - Сс Pro СуКај 
: | ks o 
шаах ты CHe + 5 45 = ks (Ces Ph,- Рен, Cs/Ks] 


Remarks made in Chapter 5 of the text suggest that reaction 3 is rate сопсоШ ле: 


у "m л Ян 
= 0 Crys = Ki Рн, Cs 
i 
— = () 
2 
| * Bs 
= = Се = 2291 = Cs 
5 Ks Ph, 
зао Coupe a Сез Рно Са Роњ Рањо Сі _ Рав Pao С: _ 
ka К: Снз К. Ks Ph Cys Ка Ks УК: КР 
а ТИЕ 1 
з = k3| Cus Рсо- “SESS = к УК; К Ри, Peo Cs ~~ na TH HO сз 1 
Кз 75 Ку K4 Ks¥Ry Ко РЕЈ 
ог (13) = € 7. Cs | Pl Poo - th єн. Рио | 
РИ, Я к K; K; Ka + Ksi 


Cr = Cs + Си + Cos + Ссно-5 


Cre С 1+ Ki Pm + YRI Ki Би, + Poe. Роњ Po | 
| КОРЕ, РЕКА Ks Ki КО] 
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Kinetic expression becomes 


ушы а шышы лээн АР К. Kz K3 Ka Ki ЕЗІН Ж 
| “Рен. Ра, , Рен, Ево 
же с ЁС p, «£ mo КАК; 


Reaction is irreversible 2. let Ks — e» Then 


dix Aj YR. УК: Ку 2 Ст Ph ,Pco | Ку ҮК КУ Cr PR; Peo РЕ Рсо 
: PEDE Ра + ПО ОР |, TK Pg Ky YE; Ka РЕ 


with Kj Pu, >> ҮК Kz РЁ, wc get 


«ӨҮК, Rz Cr PH Рсо . This expression implies that at moderate pressures, most of the 


active sites are occupied by the Н; molecules. 


4 


(а) Design for a plug flow reactor. Denote А[=] СО, B{=] Нә; then удо = 0.25, уво = 
n! = Ево Уво 3 x, = 

075, Өң ЕУ 3, Хе = 0.80 

бе1+1-2-1=-1 : £x удоб=-075 

Fig Xe = Бен, = 2000 № x imole = [25 по! 

Аб ^F ЕСН. day ^ 16 Ib 125 day 

Ро = fog mol = 156.25 Ішкі 


0.8 day 
ол 
Design equation Е ло dX =-г dW ог E. -| ex 
Бао) СА 
= 0.0183 РА РЁ 
1 + 1.5 Pg 
Cao ВТ (1-Х) уло Pg (1-X) 
Рд = СА ВТ = АО = МС) „Ула 
ARTAB SRA EX 1+ex 
Pa = Ca RT = Сло RT (в - 3X} _ Cao RT{3 - 3X) _ 3 yao Po(1-X) 
1 +ЕХ 1+ЕХ. 1+ЕХ 
0.0183 Ё АО Ро(1-ХУ 3 yao E о Ро о (1-X)1/2 0.0183 ҮЗ [у ao Po (1-XIP 5 
ФАЗ MINE UNDE 3 ET T + g ЖЕТКЕН | 1-ЄХ xi 
< {Уло Ро (1-Х 5 |2205, (1-Х) 
И 5 [eee ье аага 
Ди кер A 
е | Ч (Удо Po o (1-X)] | 
EN 2. 112311 
Бао |, 
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xg 

У | (1 expe 11 +=х И 
= a Wee” + 1.5 yao Ро ‚тах 

Fao 0.0183 ҮЗ (уло Po = | Е1-ХЈ 21-32 | 


аз 
11-1-0251Х 2 а 
at = сазри 4 375 [23x | m 
Fao ас ыра) | LX UI- 


Tks integral can be solved using Simpson's rule 


o =[1-0.25Х 2, 44 11-0.25Х 2 :11-0.25Х , 3761-0251? 
Let 100) =| EBSA + 375 [E023] - 29:89 « ша 


Же 
Then | AX) dX = AX [qo) + 440.2) + 240.4) + 480.6) 40.8) 


В x Гах [1o25] EL m 2 (1-0. 25x}? #00 | | — 


0 s | i 4.750 1.000 ИИ я 


KAN | 0.8 | 095 11. 1875 4214 _ 1.090 "| 5.420 | 4 121 
0.4 | 06 61 090 1.5 250 1.225 6430] 2 
027 70: EE 0.85 2 S s$ 4752 [438 8564 | 4 
0.8 | 0.2 __0.80 | ae 7.950 ___|___2.000 15.500] 1 


W ж 3.936... Зп Саг” тіп, |56251bmoi. 454 gmol lday - 
0. 0183 ҮТ lo 35x i2 gmol day Горло! 24x60 min 


+ ~ 
W = 2334 ¢ 


(0) Design of a CSTR 


ње — МА 
Design equatonis W = ~ T s 


4.25 12 "mme 
DEAD (15 25) (10) 223 81/2] gm pm 
-8 1- | 1 gmol 
W = 12371 Әсі, СИ” ПШ, сыш АШУ 
а ginol Мо! ^ 54x60 min 
W = 3900 2 
CDP10-H 
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(а) 


P, Ё. 
Runs 1.3.6.7 Runs 1,2,4 Runs 4.5 
P. à t i 
wef, = ХЭЛЖЭЭ ан ады = Ts пи Poe: in — ЖШ смо а пина чинили 
5 1+#K,P,+.. 5 је Кере 


(b Numerator: РА and Pg 


Denominator: Pa and Pc 


Power of Denominator: 1 


(c) Proposed Rate Law: T, m e - 


(d) To find the rate law parameters, rearrange the rate law so 
that it can be plotted as a line with the rate law parameters 
as the slope and intercept of the line. 


жыды ЭЛ MAS. = MN to Р eM 
TUN вийн Зах 
MA ‚ PP. 
First, hold Pc constant and plot —2-* vs. Р, 
ТІ; 
From the plot 
Slope = Зо 25.2, y= Intercept = ЈЕ = = 3.59 
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Parameter Evaluation with Parameter Evaluation with 
Po=constant=2 ашп 


Pasconstant=1 atm 


120 ne — á A 1 25 ә Sanpete Te ale БЕНЯ 
20 
= = 15 “7 
- 5 Е 
2 = 10 
5- Xx) = 1 5025008075 ~ 5 57500080 
RAD = 9 9999518. 
Оро pe эй ады ыа 
0 1 2 3 4 5 8 7 8 9 10 
Pc 
6 р Р А Р 8 
Second, Һоіа Pa constant and plot —35—* vs. P. 
ч 
КАР, 


у o Intercept ш-----.3.ш 5.575 


Using the four equations above to solve for К, Ка, and Kc, 
we get 


кЕ2.60--------. К, =13.52 мп", К. = 41665 аша? 
gcat*sec- atm 


(e) A and C are adsorbed on the surface of the catalyst. 
(0 Proposed Mechanism: 

AtS <=> А+5 

А-5+В => В+С+5 

С.$ = С +5 
The irreversible reaction step was assumed to be the limiting 
step. We check this mechanism and rate limiting step by 
rearranging and combining the rate laws for each step. If the 


mechanism is correct, we will obtain the rate law proposed in 
part c. 
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РС 
-To = Keo} Cong ~ га 
k, is much smaller than КА and kc, therefore, - = = () 
А € 
| 5 РС, 1 
Св =K, PCy and С,,- Py = К.Р.С,, where Ke = ^x 
c 


Also, Су = C, +С, Cc. 
After substitution, C, = ———CL. й 


Next, substitute the above equations into the reactions step to get 


КР,Р, 


mM M ИРИНДИ 
$7 


1+K,P, +KP. 


Because this is the same as the rate law in part с, the rate law and 
limiting step assumptions have been verified. 


(6) Ratio of sites of A to sites of B at 80% conversion: 


Су = КАР» 7X), (0520020). 9 g 
C, Крах  (41665(080) ^ 


Converston at which the number of sites of A equal the number 
of sites of C: 


CDP10-I 
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a) To determine the mechanism and rate-limiting step we must come up with the 
rate law. Looking at the rate dependence of A we see that between runs 1 and 
2, PA increases from 1 to 1000 atm while the rate law only increases from 1 to 
1.5. This tells us that as A gets larger it changes the rate law a good deal less. 
This tells us that A is both in the numerator and the denominator. 


Looking at the rate dependence of В we see that between runs 1 and 3, Рв 
increases from 1 to 4.5, This tells us that the rate law is directly related to B. 


Looking at the rate dependence of C we see that between runs 7 and 9 Pc 
increases from 0 to 4 atm and the rate increases from 4.5 to 4.8. Also 1n these 
runs we see that P4 increases from 1 to 4 atm. So one of two things is true either 
Pc is both in the numerator and denominator or just in the denominator. Since С 
is a product it will not be in the numerator in an irreversible reaction. 


, Ф 


беле 
So the rate law becomes 


E Bon P qM 
ААА + AUG 
With that rate law the following mechanism exists: 
Adsorption 


A4S— А-5 


Surface reaction 
А 5 + В(а)-> C. 5 


Dissociation 


С-5 -9 С+5 
The surface reaction is the rate-limiting step. 
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b) In evaluating the parameters we can also see if our rate law is a good one. 
Plugging into POLYMATH we can come up with the parameters. 


o Regression 
data 

ПС сі сес 
value 


M 
5 
x 
z 

> бо» 

о ^o 

а о 

o 6 
Se, 
хир 


ее | 


ААА 
i 
H 


3 


E 
| 
i 


Ол 
a 


Model: гагезежранрфрисј»кахра»ксхре> 

к = 0.000448882 Kc = 0,5 

ка = 2.99389 

4 positive residuals, 4 negative residuals. Sum of squares = 5.25308ө-15 


We find that the rate law is a good one. К = 0.00045 
К,-3 
Ке= 5 


c) The best places to add points would be where Pc is changed, but P4 and Рв are 
not changed, 


d) No solution will be given. 


CDP10-J 
2C; Hs OH У C2 Hs O С Hs + НО 


(A) (E) w) 

А+5 А5 тү = ki (РА Cs - CK] 
AS + AS 23 ES + WeS го = kz [Ches - Ces Сва] 
E-S z2 Е+5 r3 = k3 ІСе- - РЕ Cs/K3] 
W-S = W+S та = Ke [Си Ру СУК) 

dCa 


Al steady state r =- p = qium = 213 = Да 


If surface reaction is controlling, 
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Mp MM M MÀ n 


= бд = Cas = Ка РА Cs 


ky 
Its 0 Сез = РЕ Cs 
к2 Ка 
ТА = 0 Gy <= Pw Cs 
ИЙ"! Р, PB] 
C. n Cs t Сы * Cus = TR e 1+ КР, + ЖҰ X] 
C Сее. С, 
ESOS + » 
ГОА 
ісі Pe Pw СЁ] Го» Pe Pw] 
Mey | Ki РА CR.LEIÍW Ti КІРЕМ. 
Dc ff see ук Е OE UT ei nse eer ea K 2 Ка Кај жос. En КУАН _ Кы a 
TE Ре Руј | И Ре рыр 
1-К rotat rm si, £l + ЕЕ ЕМІ 
| ‚РА E. ЭН [^ K РА Ка Кај 


where К = 2k; СЁ Ki 
Ка = Ki К: Кз Ка 
Using points 9 and 13,Ре=0 , Ру =0 


slope = a = 4945 л k= 0.0409 
Ki oss mcs 
intercept == ҮЕ” = 85.59 г. Ky = 1731 
Using point 10, P = 0 2. Ка 0.0399 
Check 


Using point 11, Ре=0 => Ка 0.0368, close enough 


Using point 6, Ру = 0 => Кз = 0.659 
Finally, using point 12 => К = 0.0975 


....... 0.0409 (РА - 10.256 РЕ: Pw) o 
1. + 17.31 РА + 1.517 РЕ + 25.05 Рур. 


‚Ка. 
UK 


Note: Keg may aiso be calculated using RT In Ка = -AG?. Interested readers аге 


encouraged to check the goodness of fit of this rate law with the data. 
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CDP10-K 


CDP10-L 
Rate law: 
ма КСсаСАССмаон 
(1+ KacCac) 
Proposed Mechanism: 


Pd+ cor” ра-СО 


Pd-CO +NaOH Pd. CO- NaOH 


АС + Pd -> AC- Ра 


AC- Pd + Pd- CO- NaOH —— C HCOOH + NaCl + 2Pd 


Neither of the first two reactions can be limiting because they are reversible. 
The rate step must be irreversible because there is no subtraction function in 
the numerator. 


We j first try the third equation as the rate-limiting step: 


= KC Pac 
Then 


— Я қ 
C, = G Са со + Cncoason + Срадс 
Find equations for Cy, co, Срасовкаону and Срљас 


Эн Сра co “С.СсоКсо 


ТАСО:МаОН = () 


7 Сра сомаон = КсоКменС.СмаонСсо 
NaOH : 
r АС _ ч 
qo ene Cpa ac =0 
АС 


Combine to Ала C, 
— С ——.-..... 
TC соКсо + + КооКњоне CO ADR 


This is definitely not what is supposed to be on the bottom of the rate law so 
reaction 3 can not be rate-limiting. 


Trying reaction 4: 


т, = Кале Сра«сомаон 
Craac cannot be found so therefore this rate law is also not rate- limiting so 
none of the mechanisms reactions agree with the rate law. 
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CDP10-M 


a) Start with a mole balance: 


Rate law comes next: 
ГА 
=т= Ка 


Then the decay law: 


у б, 
We then come up with the equation for the profit: 
P = 160 #(Б,)– 10*(U,) 
Where : 
Fy = Е * Х 


Then plug into POLYMATH and get the following program. The feed rate of 
solids that gives a maximum profit is 4 kg/min. 


Equations: Initial value 

d(a) /d(w) s-kd/Us 1 

d(x} /d(w) 2-xa/fao 0 

faoxl 

kd=2 

Us=4 

Күз 

rac-kr*a aitia aximum value Minimum value fina! 

fbsfao*x id 0 E 1 

P-160*fb-10*Us * 5 : 059 0.5 
х 8 6.75 2 0.18 

Mg. 9. Weal fao i 1 M i 
а z 2 2 2 
us 4 4 4 " 
kr H B i H 
ra == 2.5 - -0.5 
ib 6 0.13 0 9.78 
Р © 80 -40 80 


b) As seen above: X = 0.75 and a =.5 
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—— 


с) The only equation that changes is the rate law: 


2 d(x) /d(w) =-ха/Ёао 
ЕЗІ 
г faos] 
"kaw? 
Usz.8 
waars i 


Ёра1Ё (х«1) Евөд(Тао"х) е1ѕе(1) 


аз18(К4/1155 (wmax-w) <1) then (1-kd/Us* (wmax-w]))else(0) 


P2150*fb-10*Us 
таз-алкх 


Wa = б, w 


CDP10-N 


variable Initial value Maximum value Minimum value final value 
MELLE мале глаз valus 
w 8 1 9 
x 8 1 -8.2458-18 Н 
Kr 5 3 5 5 
fao i H M 1 
kd 2 2 2 2 
98 5.8 0.8 8.8 2.8 
wnat 5 1 H : 
3 2 
in 8 1 -3.2456-18 i 
à 8 i 5 1 
Р -8 142 -8 142 
ха -0 "2 -3 «8 
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M 


(а) 


| | TEES MEUS SO 
Design Equation: W= 9 => aft) S ae A. | For n" order kinetics. 
(ТА ја) W N КСА 4 


Assume at t =0, a(0) = | and X=]. 


5 Е(б=ЕХ=е,=16 = Е 


Ао 


=106 


Now 


Ба (0 = Ед, ХИ] = КОМО) 


Second order kinetics and second order decay rate fit the data very well. 


; 1 к? 
Ки 2-0, 


2 


PULS. 
vs. t E 
O id 
E 
0 5 
0 : 
9 100 300 300 +00 500 
t (h) 
From the graph: intercept = 1/К =0.0835 = К=11.98 
slope = Ка /К = 0.003 => Ка = 0.00025 
(b) Activation Energies both for rate constant and decay constant can be estimated from the 
temperature-time trajectory. 
—————— € Ha  ———--———-——-————-——+—-+— 


CDP10-O 
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Given А В +5 


Batch constant volume reactor, P increases with time 


Nag dX =ar, Маг 


Assume а = eat 
г, = КР, 
^ PASCART 


_ Nao(1-X) LX) a | 
Cas A А) с Cao (1-X) 


^ Nag dX = We k Cao (1-Х) RT d 


x X t 
| dX „МЕ Cao Cao RL | et dt = А КЕТ | et dr 
bs Мао | 
8 о 


= | e*tdr where В= 14 k RT 
9° 


ла(1-Х) = (реа) 


Assume that there is very little deactivation in the first 10 sec 


-In(1-X) = P (ш) = Ве (for small t) 


B= 18 44 = ш (;- 85595 = 3.77 x 103 sec 


NA НЭР: 2377х109 _ 
аи (% et 1 x 0.08205 x (2734420) 


К = 6.63 x 105 sec! 
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At t relatively large, с — 0 
Bc. | 
= = -In (1-Х) 


"E 2 337% X107 5185 10? sect 


ial) inf 151) 


. Ла (1-Х) = 0.728 (1-e5-18x10?t) 


* 


rst order reaction kinetics and a first order decay Kinetics 15 


CDP10-P 
п ~ pentane 
cyclopentane ^ d 

™ coke 
H ам, г эп уху 
Batch mole balance: 7 E -—rM = КАСА 

dC, ЖЕ ncs Я 

e a CH 


BE Ка“ C, = k,a?, with C, constant 


Assumeq=2 : awl 
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| ux 


1 а x2 © o 

| ES 
, | Р?” Я „“ 

шэг” ^ 

54 shee 23 А 

| ЯГ нарт гай 

ЕР ЖЕР 
$ € wu Ф ux 
Pos Pu. 2 

| ЕД © -1Лщ1-Х) 
j | со 


Ш(1-ХуХ 


From the above graph, ай lines are straight lines. Therefore, q = 215 a good assumption. 
We need to examine the data to see which value of n having 27. = constant. n = andn =2 
Ж At 
will have similar behavior of 37. because: 
At : 
1-Х. ш die 1 
X X 


nal; Луг ^ cis] and At « 20 min 
LHn(1-X) 

=> = 0.094; 0.087 ; 0.087; 0.084; ...; 0.081; ..; 0.0797 

At 


Р Ау. А + 
Therefore, — is decreasing gradually. It is not a constant. 
а 
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н 


Forn=0,n=2: 2 


Т =4х 103 = constant 
ES 


„Еред ; - С 


If nz2: 
(XP di ucl. bes Ка 


dX Ка Сао Ке Сад 


| 


Ё 


sal 51 si 
| © 


Са 


Q3. 
114x107 


n=2: Slope is negative. It is unreasonable 
nz: AE vs. t isa straight Enc. 


The reaction is zero-order: -Ta = kA a 
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° 

1440 

1223 

> 
Жа 
2 ? аиах 

t @ (1-Х) 

28 


Cao = 0.03 Кој 
m? 


W = 0.01 kg/m? 


knol, | = 
= Сао = 5 m3 ) а Bh 220— E. min 
Fao 15x 105 kmol/min E 


(b) The order of decay is q=2 
ka 3 : қ; ЖСК. 
сбш4х107 => k, 3x 107 min 
КА 


(с) Moving bed reactor: Fao = mE 2 Х-0,.80 


Fao Хон ш-ГАзКда 


In moving bed : cx. where uz ТАН. 
üme 


mi 
dt = ï dw 
nur ir Е-е = Ka a? 
Subsnture into equation (1): “aw ^u 
„а s. aw 
qe u 
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} E + 
[о ~ = ЛЕ 
а » 
ааз a кен 


Subsüture into equadon (2), we have: 


гэр WESEL eem E 
54 do Lt 
E TENET 
Бакаш аі юан 
КА ка ^ u 


еч 

= 
и 
pi 


————— ———————.————-—— 


CDP10-Q | 


| 
| 
| 
d 
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а) Моје balance: 


` Rate law: 


n = КС, Ср 


Decay law: 
da ke 
а W U, 5 
Stoichiometry: 


C, = С,.(1- X) 
С, = Cyg(O, +X) 


Evaluate the parameters: 


С» _ 0.01 


B (Ши eem GUT өвзөөөөөөт = 0,1 
C, 01 
Equations: . пагана 
cd(x)/d(w)sa*(-ra)/fao о E 
‚ (а) /d(w) = -kd*cb/U i 
1.220 Tu 

k2350 Ён 2.800 1 m 
zv : i 

Tem у 1 0.825 1 

thetas.1 | 

са=сао*{1-х) баба 1 
»сбесао“ (theta+x) + 

ras-k*ca*cb 2.250 T 

Wo = 0. Мр» 24 ЕТА | noe Е 2-2 

с.000 5.002: 12.00€ 
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b) The only change is in the stoichiomeiry: 


C, = CE ~ XY - ow)? 
C, = C4 (0, + X) = oW)? 


POLYMATH 
Equations: Initial value 
d(x) /d(w) га“ (~ra) /Ёво 0° 
d(a)/diw) s-ká*cb/U 1 
kd=6 
Жао-29 500 -ү- NE 
522 = coz | c c 
К=350 бА Ї ee. 
сао=.2 же І Бр v 
thetaz.i 
а1р=.038 9922 + 
cascao*(l-x)*(l-alp*w)^.5 i 
cbscao* (theta«x) * (1-aip*w)^0.5 EE 
ras-k*ca*cb Son esa СЕНЕ 
% = 0 We шан 5.050. g оба G.cog 15.000 "i opa тч. 


CDP10-R 


Cumene -> Propylene + Benzene 
(А) (k) (5) 


(a) We find a relationship between a and Ca 


Бад „аш (918) 


Т жа ome em TX ХУ 
Вип 1: PA = 1 апп 
t o` 60 120 180 
а 1 075 0.594 0.491 
СА 0 0.01 0.018 0.0243 


0 100 200 300 
Ї 0.833 0.733 0.65 
0.0057 0.0106 0.0148 


Run 2: РА = 0.4 atm 
t 
а 


СА 0 
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400 
0.583 
0.0184 


Plot of па vs. СА gives a straight line passing through the origin with slope a 


а= еаСА , (289 


к, KA[PA - Po P c а : : 
о = «ЖАА EE (single site adsorbed, surface reaction controlling) 


I initial rate are used, Ра = Ps = 0 and 1 >> KP, (adsorption is small at high temperature), then 
Io = kı КАРА. 


Using data at time zero from runs 1 and 2 : К, КА = 3.2x10? 


Hence, overall apparent rate law is 
r=k,KaetCsPa ; К, КА 932x107 


a = 28,9 
(b) rary 


йа = - Каат (P4, Pg, Ps) = -ka ат РА 
Try га = -2 
Since P4 is almost constant, during runs | and 2 (low conversion) 
l-rekP: 
Run i: ky Pi = 5.767 x 103 
Run2: КаРА = 1.769 x 103 
Pa=linmni = Қаш 3.767 x 10°3 


РА = О.4іптип2 => п = 1.29 


tin minutes 
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(c) Overall conversion = 0.60 


T [2.8 mollsec cumene | 
{42 molisec propene › 2. = 11.2 mol зес 
Е ттлт 4.2 mollsec benzene 
| | Cumens -—> Propene + Benzene 


(A) R) (5) 


L pT Bat hot a= 10 matic 


3 тоузес 1 


Commosition at reactor outlet 


cumens = 7 molses 


Composition at reactor inlet, Е = 7 + 3 = 10 mol/sec 


Едо = 7 + 30[222 = 775 ya = 0.775 
Ево = 3(0.375) = 1.125 => уҙ = 0.1125 
Fso = 3(0.375) = 1.123 уз = 0.1123 


Let Xp = conversion per pass 
Total flow at reactor outlet before the recycle steam is: 
Fao (1-Х 0 +2 ЕдоХ% + Fgo + Fso = БА1+Ж + Еро + Fsg 


Fao (1-Хо с CM 
удаа EL i ons шэ Xi = 0.542 
Fao{1+X;) + Еро + Fso iia 


At any point along the reactor: 


ЕЭ + Е Е 1 7 
when В = вот 50. кі АӨ = 10: zx 29 
Fao 7.15 


Assume that rate law in (b) is still good for the moving bed operation (may not be true in 


practice because of the high conversion) 
23 k, Ka Pa 
pea k, Ka Pa vil 


1+ Ка PAT 
Moving bed reactor: t= ТЫ 


% 
FaodX = та W 
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e А w . 

1 + ka Pj id ni 
aBa Pa 0. Dal [Eta 
і К; КАРА | k, КА Us k, КА 


-715х5.767х103 ока w 1s (129) 
3.2х103х2000 | 1-Х 32x103' LX 


5 3 (1,29+% 29 129+Х 
6.98 x 10° (52982 w + 2421 (1.25+%) 
With X20, W=0 


If X = 0.542 , using digital computer W = 3.1 kg 


CDP10-S 
a) Mole balance: 
dw Fis 


rate law: 
, авд yr 
"r =k С, 


Stoichiometry: 


Decay law: 


da  k, 
зөө көчен а temm a 

dW 0, 
Evaluate the parameters: 
h 


2 Е 05 
-> = (1-- 1000: 
30 = ) 


@ = 0.0099 

01 da k, 2190 
1i ај 
E. == 0,023 
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POLYMATH 


Equations: initial value 
A(x) /Glw) =-ra*a/tao 2 
dia) ға (ы) =-ка за з 
kdz.023 
Р 4 Variable Initial value Maximum value Minimum value 
Таоша ны а И RE ee ада ыл 
“ 2 100 0 1 
kee 008 x 5 0.757181 0 8.157161 
саа=2 а i 1 0 299259 6.155253 
alps.0099 kd 2.023 0.023 0.023 с 023 
4 fao 4 4 4 4 
cascao*(i-x)*(l-alp*w)^.5 | 
к 5.99 0.08 8.09 8.03 
гағ-х*са сао 2 2 2 2 
ча 0, We = 100 ајр 5.0093 0.6993 0 0099 6.0093 
са 2 2 0.0435678 2,0485878 
га -9.18 - 0043711 20.18 29 8042722 
b) POLYMATH Mum 
i 
| у => 
х 22532 T P 7 
| 2277 
: ж 
coas 2. Ж 
| РА 
/ 
/ 
2.320 T 4 
E 
3.200 рне — —Á——— тета 
5.580 20.506 з0.000 Ч $3 СОО 32.226 $33.25 


Минж. 


CDP10-T 


ІХ | 
Design Equation: — E,, се = а(уХ- га) 


RateLaw: „те КСА | 
Decay Law : (for sintering) | a(W)s.— | 


Stoichiometry : ТЕТ = С,«-С,(-Х) 


j 1 < HW 
Combine: ax = ie. 2 = Х) dx ok n : 
dw 1 UR Ww 1-Х ЕЯ 
M С 
In| - 124 = к 9% шіз Ка ху 
1-Х) wk, s 


1 
From the problem statement, ам. = ор = 
ем 


, k 
Plugging in 100 kg for W, we can solve for ты 
5 


Ка 20.03 


"S 


DO (010) : 1 
inl 1 S In + (0.030100) =1.232 =>  —-; = 3.43 
E ГГ 6750.63) 112410022100) Б 


Х = 0.708 
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CDP10-U 


The heat of activation is given in the problem as a function of the carbon 
number so we can just graph that: 


eR 


| " | 
Heat of adsorption vs carbon | 
number ! 


п) 
со 
e 


40 + 


-(Heat of adsorptio 


| 0 10 20 30 40 | 
| Carbon number | 


To graph the activation energy we need to find its equation. It is the 
Arrhenius equation. 


k= Ag E/RT 


Solving for E we get: 


We know that as the temperature increases when n < 15, the rate increases 50 
К still gets larger with greater temperature so E is still positive. When the 
temperature increases when n > 15, the rate decreases so k decreases making E 
negative. So we can come up with some equation with the above equation 
that fits this criteria and we can come up with the following graph. 


Activation energy vs carbon 
number 


energy 
~ 


Activation 


Carbon number 


The reason for this unusual temperature dependence is due to the fact that 
the higher the carbon number the less it wants to add another carbon. 
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ПН ee ee ee ы -е-т--у с-з 


CDP10-V 


(a) а = О at the end of the reactor: 


_ 94а Kp 

dw Us 

Ww : 
|- да = Хо. faw = 1 а = О-У 
1 Us Di U, 
1 
1- 9-1, ix р kg) = U,-1kg/s 
5 


(b) For Us = 0.5 kg/s: 


Catalyst Activity vs. Catalyst Weight 


1 NEN — рээ ун КЫ А 


W (kg) 


When а = 0, the catalyst is inactive. In Шеогу a can be negative, but in reality, once the 
catalyst is inactive there can be no further decrease in activity. 


(c) For a catalyst feed rate of Us = 0.5 Kg/s: 


ах 
Моје Balance: Бүс =а(-г, 
| мам АС 
Rate Law : Кв 
da k 286° 
Decay Law : M NL LM kg! = а=1-0.4\ 


Stoichiometry: | (Assume T = T,, P = P, and v & v,) 
C, =C 2C, X) 
Combine : 
dX 


т 20 олус 0-3) 


БУ" 2 A = =|] Кь үү Ww => LE дә . ES w Ко чү? 
кс, -XY | Us КС”, 10-Х) 20; 
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( т Х) E, 
From part (b) we know that the maximum catalyst weight (the point where а = 0)is 2.5 kg 


32 х 
X. E x = EDT w? | 


We will find the conversion at this point : 


x (2) (,. 62), ој. 
(2% ame 5-365)" У ром 


Х=0.2 


(d) To achieve 40% conversion: 


(-X) Е | 20, 
/ 

BOD ы 0.215 92 5? => 0.667 =1 25 

(1--0.40) 20, л 

0, =7.5kg/s 

(е) 

X ҰС» X kC? 
о ape A ду Элуу? | => = (W 
ruse: Gig и о Баг асты 

2-2 = (0.2)W = (0.2X5)=1 = X=0.50 

ia 62v - 0209) 
CDP10-W 

Design Equation: ^ Мр x =r aW 

Rate Law : „ЕС 

Decay Law : E =k, 0.05 

dt 


faa = -005 => a=1-0.05t 
1: 9 


From this we can see that the maximum reaction time is 20 min. We will find the conversion at this point 


Stoichiometry : (Assume constant volume) 


аныз 055 Во (1. P 


Combine: ое vi^ 07005 Ж X 
ombine 22 "Т ( X ЈЕ 
dX k "WN P X KWN, š 
еее шше 2. (1. 0,056 с> ---а---с 1-02025 
З Gy. We 4 5 1- v? | 
_ 0. 2 A 
20 -0.025(20 7 j=1 
Х =0.50 
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ООО a a 


CDP10-X 


a) Mole balances: 


dF, ав, АЕ. 
Ба С CTS =” ое 
dW dw dW 


rate laws: 


= = ak, C, Е тв = a(k,C, -k с) te = ak, С, 


i 


stoichiometry: 


Evaluate the parameters: 


Ч ү 
1.987 4400 Т/ 
"20000 ( 1 13 
= O0.01* Бано, ШИ ae oe 
А DE | 1987 (ж 2) 
:1.987 (400 T 


Plugging all of this into POLYMATH we can change values of U,, T, and v, (Р) 
that will give us the most of product В. 


We find that at a temperature of 396K, a solids velocity of 10kg/s and a gas volumetric velocity of 
0 633 dm/s that corresponds to a partial pressure of 51 3 апа we can the maximum yield for В 


uatiens: 


Ya 


а (бај ла (у) 
á(£b) /diw) srb 


al£c) /d(whare Variable Initial value Махыг value Minimum valus Е 
w n 100 © 1 
са fa i ї 0.0813942 0.0813942 
08219 Eb a 0.524458 2 345534 
Ts396 Ёс E 0.471971 0 9.471971 
aloz9.98e-3 a Ї 1.93792 à 1.93702 
Ё Us 10 10 зо 19 
Noe us T 395 395 386 395 
кёз,08"еёхр(15000/1 .987*(1/500-1/1)) alp 5.2098 0.538 0.0098 0. 
К2-.015ехр(20000/1 .987% (1/400- 1751) vo 2.633 0.623 0.833 8 
Klx.02*exp(10000/1. 987*(1/400-1/*)) kd 0.061149 2.0648:549 9.9661149 © 
: кз 000775554 000775554 0 00775554 000775554 
casfa*(}-alp*w) ^. 5/vo уз 39.0175133 00178131 9.0176131 7 90176121 
cbefb*(l-alp*w)^.S/wo ва 1 87978 1.57918 0.9181846 0.0181848 
ras-a*kl*ca cb g 0.63242 ° 0 0992846 
rcea*k2*ch ка -9.0238243 -0.000820403  -0.0278248 -0.000620403 
E о 0.00641386 0 
rbe-a* (X2*ch-Kl*ca] zh 0.0278248 ü.0278248 -0.00217423 | -0 200878622 


10-106 


b) Using the same program we can find what it takes to get the most of С possible. 
We find that at T = 396K, U, = 10, and у, = .03 we сап get 1mol С. Pao = 
1082.4 atm. 


Variaple Initial value Maximum value Minimum value Final value 
w 0 100 0 100 

fa 1 i 1.02625е-23 1.02529e-23 
Ёо G 0.524487 с 1.35042е-20 
£c о 1 0 1 

а 2 1.93702 1 1.93702 

Us 10 10 10 19 

T 395 395 39$ 396 

alp 6.0098 0.9098 9.9098 0.0095 

vo 90.03 0.03 0.03 8.03 

ка 0.0551149 0.0651149 0.0661149 9,0861249 
k2 0.00775554 9.90775554 0.00775554 9.00775554 
кї 9.0176131 00176131. 0.0175131 9 0126131. 
са 33.3333 33.3333 3. 83798е-.23 4.83798е-23 
cb 9 17.2696 0 6.36895е-10 
та -0.587104 71.65057e-24 -0,587104 -1 $80$7a-24 
кс а 0.13815 9 9 56332е-22 
хо 0.587104 0.587104 -0.0118782 -9.563328-12 


c) To get the Time-Temperature trajectory we can use the following equation to 


create it: 
1~ ex ЦЕЛ 15 д, >) 
SM “| RAT 400 


k (E, ТА 


This will give us the following graph: 


Temperature-Time 
Trajectory 


КИИИН top ttt t 


„Б 
Time (s) 


d) For this we just add an energy balance. We have to assurne a heat capacity of the 
catalyst since none is given. Here it is assumed to be 100 Каса. 


ат 2 (ХАН) + SX AB) 
а” C U; 4 CF, + Fy+ Е.) 


Plugging this into the POLYMATH gives the following program. 


We find that the temperature is 388K, U, = 10 kg/s and v, = 0.51 4ш 5. Ро 
62.4 atm. 
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d(£b) /d(w) = 
di£c) Ам «rc 
4 (а) /а (и) =kd*a/Us 
A(T) а (м) = (тах (- 12090) +rh* (- 32000) ) / (Cp* (Us Zac £be£c)) 


kd=. 08% exp (15000/2 
Us=10 


ср«100 
k2s.01*exp(20000/1 
kiz.02*exp(10000/1i 


81р-9.86-3 

vor. $1 
Ccazxfa*(l-alp*w)^.5 
Sbsfb*(l-alp*w)^.S 
raz-a*kli*ca 


Yczsa*k2*c6b 


.987*(1/400-1/T)) 


.987*(1/400-1/T)) 
.987*(1/400-1/T)) 


(Vo 
{уо 


кря-а*{К7*ср-К1*са) 


00 


i 
ә 


um 

0 

9 

1 

388 
Variable initial value Maximum value 
w 2 100 
Ёа 2 1 
B e 2.811156 
£c G 0.215328 
а 3 1.40401 
т 388 383 
ка 0.0446269 0.0446263 
us 10 10 
ср 100 166 
к2 G 964592907 9.00459207 
i 9.213553 9 0132553 
aip 9.0098 9.0998 
vo 9.31 9 52 
са 1.98978 1.96078 
eb 0 0.7$3935 
та -0.3265744 -0.000753076 
сс 2 0.00273258 
ты 0.0255744 0.0255744 
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Minimum value 


9 
2.173516 
3 


0.90294419 
0,0108521 
0.0058 
0.81 
a 
2 


‚9481154 


о 


ово мото ~ 
мы октору їз ode 
а 


БЭ 


5 
2 
1 
3 
2 
o 
5. 
5. 
5 
ü 


0481154 
‚169472 


© 
> 


Solutions for Chapter 11 - External Diffusion Effects on 
Heterogeneous Reactions 


P11-1 Individualized solution 


P11-2 (a) 
7-9, у-ую 


7=д,у=0 


ду 
Wa =сВав 2 +ya (Wa + Wg) 


КЕРІЛЕ 
шоо with ya =Oat z= 


Wa= = Gantt ya) (1) 


atz=0 Ya=Yao 
cD 
Wa = AB (1+ Yao) (2) 
Taking the ratio of Equation (1) to Equation (2) to eliminate W 4 and solving for уд 
6-2 б 
1–2/6 
YA =1- (1+ yao) i 
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P11-2 (b) 
@ 1,-300К Т, = 350К 


2/3 1/6 12 12 
Ко. [Bana (>) ЁЗ se (11-70) 
Ка \Dapi) (92) (ІЛ) (4 


As a first approximation assume 


Dag2 _ Ш 
Dapi H2 
Шеп 


5/6 ya 12 
а 19 dp О; 
At T4 = 300K щш = 0.883cP 
At T5 = 350K po = 0.380cP 


Assume density doesn't change that much, v = E 
p 


В 245.232 
о, д, 

0; 144,1 
U 2 d 2 


k, = 4.61x10 * m/s 
12 12 
, = 4.61x10° m/s [2.32 № H H 
=4.65x10° m/s 
W, = 77 = К.С, = (4.6110 m/s)(10° mot/m') 
– 71 = 0.00465 то m [s 


Р11-2 (с) 
0) A 50-50 mixture of hydrazine and helium would only affect the kinematic viscosity to a small extent. 
Consequently the complete conversion would be achieved. Increase diameter by a factor of 5 


d y2 D 
Ки = "E - 29m/s{4) 
Р 


=1-ехр(—4.6) 


X =1-0.01=0.99 
again virtually complete conversion. 


P11-2 (d) 


p.d Е 1000 X 0.1 x 0.05 Е 


Liquid phase : e.g. water Re = =$ 
ý " 10e —3 ind 


See margin notes on page 786 and 787 for solution. 


P11-2 (e) 
ГЭЭР”: 1-1, _ = 
v, та 773 873 
=е 959 – 0,55 " 
Assume 


ka = (0,55) = 0.91 
ka 
Uike2 — (1.059) (0.91) = 0.96 
271 
1 
| = (0.96)(2) =1. 
0—7 =(096)(2) =1.92 


2 


X, =1-e7!? =0.85 
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P11-2 (f) 


САО 


27 


Assume concentration in blood is negligible (C45 =0 at 85). Assume quasi steady state 


асл) 
аі 
W,- Рајс, E Cal 


=-W,A, 


Din Р авз 
R GR an 
Din Рав 
Flow into the blood 
C 
Бұр =—РА mol/time , В = [time 
an = BA mol [time] 


If Cpa = constant = Срдо 


C 
Fas = m 


———^—^—^AA AAA 


Ев 


t 
If Cap varies 
dC EC 
dt V R 
NO = 1 
С, УК 
C, = C4 Ээ 
СА : А : 
Ер 2 5, and б; are given in the side note. 
Ев 
t 
P11-3 
Мо! balance on oxygen : Бо» - О + 10: = 0 constant liquid composition. 
Боз = Соз vu, and гољ=-К Со where n is the reaction order. 


гар : Рл, 
Assuming ideal gas law applies : Роз = ae where 0, = oxygen uptake rate mL/hr 


Р : 
Assuming that ry = constant, С Бу correction of v, to some reference, 
then Fo; = C. v, 
Assuming Henry's law applies (low pressures) Соз = НРО 


where Н is Нешу 5 constant and Роз is the oxygen partial pressure 


MM M— e — 


Substituting into the moi balance: Fo: = - го 
С. v, = К.Соз = К(Н Роу 


Vo = Рог. ы 
С 


ж 


In 9, = ala Po: + In ——— 
C 


A plot of In v, vs 1а Pos will give п as the gradient. 


As the system pressure, P, given in the data is absolute : Р=Р, + Роз 


if in the reactor, the xylene is at boiling point and dissolved oxygen and 
oxidized xylene are at low levels, then P, = 1 atm (open to the atmosphere) 


In order to deduce the correct kinetics of the oxidation it is necessary to find the partial 
oxygen pressures for the conditions where the rate is limited only by the reaction 
kinetics and not by diffusional mass transfer. 


Plot of stirrer speed, УУ, vs oxygen uptake rate, 9, for each run will show the 
conditions at which diffusion is negligible. 


It can be seen that at stirrer 
speeds above 1200 rpm that 
OUR is insensiive то W and 
hence the reactor is well mixed 
ie. no Шала diffusional | 
limitations. | 


OUR, mUhr 


OUR: Oxygen Uptake Rate 


Hence using the system pressure data at 1600 rpm for the plot of In v, vs In Po: will 
give n uninfluenced by diffusion. 


Роз =P. Py ыр. | 
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——— ее. 


g 
z у = 0.9992x + 4.6422 
+2 -1.5 3 QS 0 05 3 
LN(PO2) 


The gradient, n = .999 = 1, so the rate law is: 


opo 
Ton = Со» 


Р11-4 


Diffusion in adjacent skin layers 


Skin laver interface 


Рам 
Рад 
Ра» = LOL kPa Outer layer Inner layer Ру: = 0 kPa 
Рн. = 0 kPa Strotum Epidermis Pue = 81 kPa 
corneum 
= 2 
z=0 бүрэнхий em 5: = 0.01 ст 
——— M рь 
kae ла т ВЫ т А VPE 


Assuming dilute solution and constant total concentration in both layers gives: 


ФС, У 
хоо = 0 A = Ki Сл = К+ Ка 


for each diffusing component in each layer. 


№:  Outerlayer: boundary conditions z z0, C4 = Cio 
= б ? СА = Cu 


Kis mem Ka = Cao 


11-7 


Inner layer : 


Profile Са = Cio - (Cao — Са) 
? 1 


boundary conditions z= $, , Ca = См 
z= & 5 СА =0 


Kim 2 Саба 
ШЕТЕН 325 
. |(бї-г 
Profile б | йн F : Gea 


Total partial pressure profiles 


Outer skin layer : РА + Pa = Pao (Pao Ра) =. + Par т 
1 


i 


< 


» EE. 


= 1010 — (1010—1008). 
0002 0.002 


= 1010 —-1000.z + 5000.2 


= 1010 + 4000.z 


Inner skin layer : 


Check 


m - г. )+810- (810 it s sez] 
601-6003 0.01 — 0.002 


= 810 + 126000(0.0 1 ~ 2) ~ 100000(0.01 -- z) 


= 810 + 26000(0.01-- ғ) 


outerlaver = innerlayer 
Pa Ра = Ра + Ра 


At interface (2 = 0.002 ст) : 


1010 + 4000. 2 = 810 + 26000(0.01 ~ =) 


1018 = 1018 correct! 


Plot these two profiles across the skin from z = 010 2 = 001 ст 
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He: Innerlayer: boundary conditons z 28; , Cg = Cg 
E z= 6, Са = Cao 


Kiz Cao = Cai Кз = Cso-[ 15.2 — Cw) 85 
FERENT \ б:-6: J 
; Oir 
Profile Св = Cso — (Cao — cal 22) 
= б 


Outer layer: boundary conditons 2-0), Св = Ca 
2=0 S Св =0 


- 


K; =0 Каш са 
1 
Profile Св = си 2) 
ài 
Total concentration profiles ; 
| : | © z 
Outer skin layer : СА + Са = Cao - (Cao — См). 5 + Се 5: 
Н t 
Inner skin layer : Ca + Св = см 22 = | + Сво -- (Сао ~ с 222 
62-6: 5-5: 
Evaluation of См and Св : 
В Рам, 
Ма: Outer layer: War = [Слао Car] 
| 
Inner layer : Waz = T [Car - 0] 
2-0: 


Assume that flux in inner layer = flux in outer layer i.e. Wa, = Waz 


W, Р уу; 
4 = [Cao – См] “Бу с=ш= [Са 0] 
EN 8:-8: 
. 1 
Wd -Dsi = Со 


Conversion of kPa to kg/cm*s? 
101kPa=10 1000Pa-101000kg/ms^1010kg/cms? ~ IKPaz10kg/ems? 
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— ———— 


Ww wc. DN UN CR 505107) KB 
ст 


1 1 1 1 
—— M эш + —— 
Ва, Р. | |10*107 50*10 


.À 8-91 1 000 008. 


He: Ошегізуег: We [C 


[nuer layer : Cai] 


Pressure Profile of skin layers 


1050 и 


| 


mm E 


1 } Te. inner layer 
cuter layer: E 
1 


в} 


- 


Total Pressure (Куст 


$ interface 
lm с ыл осады шады Шы Ыбы ЕЕЕ 
9 0002 0.004 0.006 6.008 0.01 
2 (cm) 


000 
950 
900 
850 
800 


-| = Cao 


МА 189cl0e —2 


Die — i3xl0e- 


. Wa 5х106-2 
Ds te 7 10е — 37 


5 000% 
= 10«2 / ст, 5“ 
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The maximum sum of partial pressures occurs at the skin layer interface 
z = 0.002 cm Praa = 1018 kg/em.s? 


Ры = 101 kPa = 1010 kg/cm.s" < Pran = 1018 kg/em.s* 


Hence the maximum sum of the partial pressures is slightly greater than the saturation 
partial pressure and so gas will form bubbles at the skin layer interface causing 
blisters. 


P11-5 (a) 
Part (a & b) Packed bed, mass tranfer limited, gas phase 
не wl GPO А а:-0 where Fa=U.Ca.Ac 
Ac dz 
| FaodX 
m ШШ ҮҮР „Де 
Ас 4 
U Cao. dX. = ra ae U = constant superficial gas velocity 
dz 
Rate law : Mass transfer limited boundary condition 
га” = ке (Са - Cas) but Cas = 0, rapid reaction 
Stoichiometry : Assume constant T, P, gas phase 
Cao.(1— X ТЕ 
Са = ети where € = yao.0 = 0.05 x 320.15 
шан мл U.Cao.dX қ 
Combining : T 9 Fal Де 
dz 
Cao.Uo. 2 = ae.ke Ca 
dz 
gx a de 
dz Оо(1-015Х) 
Use Thoenes & Кгатегз correlation for kc : Sh’ = (Re^)? (Sc)? 
„кар Эх [Uge ТЭГ n | 
Dab (1-0/ү и(1-Ф)у | | p.Dab 
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Parameter evaluation : 


`6 


Diffusion of cyclohexane in hydrogen (assuming constant T, P) 


$0373 бои 
Ж 


из 


ооо 1+ il 
Dab = (ма Moj _ 


As кар ж (xw 


Fuller, Schettler, Giddings for binary mixture, low pressure, non 
polar (Perry’s handbook chem.eng.) 


Ма, Mc = molecular masses = 84 , 2 respectively 
Va, Vb = diffusion volumes = 122 , 7.07 cm’/mol respectively 


M 
0.001(773)' ir -= 23 
84 


Dab = memon = Ai. = 0857ст is 
i22)" 4 (107)°] 
Qoo" 
LR + 222 
ene пада ва О 


Doe tee Кы = 50.9ст / 5 
Ас mdr. 


Ј = Uo (1-4 £X) = 50.901 +0.15Х) 


„ ЁММ.Р _ (84400552) + 2.20.2252) урос / 1 = 0.000198 / ст? 
RT 0.082 1773 
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u = 0.00017 g/cm.s (155, 500 К, 2 atm) 


И 
pgs ы О 05 


0.00017(1 --0.4)1.146 


un 00019x0. 857 


ГЕ Es Е MM ) 103886 
0.857 \1-.0.47 1146 


ice c ee z [4730 +O15X)] [1044] = 17.98(1 + 0.15X)^ 


а: = Ж му. = 6.29ст 
0.5 72 


u = 0.00017 g/em.s (Н, 500 К, 2 atm) 


50.9(1-t 0. 15X)0. 572x0.00019 


Ке = - = 47.3(1+ 0.15X) 
0.000170 -0.4)1.146 | 
са 0.00017 
0.00019%0.857 _ 
2 
о (= = ә? | =0388 с 
0.857 1-0.4) 1.146 
е. [4730 + 015X)]" [L044]^ = 17980 + 015% ) 
0388 
Gc == eq о a = 6, 29cm 
0.5 72 
dX (l= X) 
—— m 2 р НАИ УМАТЕ 
dz Т HEIL 
P11-5 (b) 
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Equations: Initial value 


d(x)/d(z)s2.22* (L-x) /{1+.15*х}^.5 9 
20 = 9. Ер зол 
variable initial value Maximum value Minimum value Final value 
® 0 5 0 5 
х 0 0.99997 9 0.99997 
1.000 M 
— 
ме» 
KEY: ~ стас 
—€— x 
2.500 
2.460 
0.250 
о.әсо елен ђе ГИНЕ а 
боб 2.900 3.900 +065 5.000 
= 
Жа —€—— FE 
.825 0.95391419 


„5875 0.99841018 
278 0.99584594 
„8125 0.9972288 

‚875 0.99756518 
‚9375 0,99786072 
0.93322039 
0.95834853 
„125 0.99854898 
.1875 0.9997251 

28 9.99887983 
. 3125 6. 93301573 
„375 0.99913525 
4375 9 93992402 

.8 0.99933242 
5525 0,99941344 


ta w w W ia w w w a a БӘ u энэ 
a 
із 
~ 
іл 


The results show that only 3.3 crm of the tube is required for conversion о 99.9%, 
much less than the full 20 m 


P11-5 (c) 
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А 41/2 1/3 
EX 22 1 БЕЛ E 
1-%/1 


Assuming the porosity remains the same, factors іп the correlation affected by the size 
of the catalyst pellets are: 


- 6 я} У }25 i 
з B vel [ses 2 Ј = 0.286cm 
х 


4 
2 ><: 
be ук RE +0.25(0.25) 
p m ы шы ыш = 1145 
n.dp" 0.286 


- 30. 9(1 + 0.15X)0.286x0. 00019 _ 
0.0000 7(1 ~ ЕТІ 145 


23.68(1 + 0.15 X) 


L 


2 
| от 1: . = 0.194. Kc 


70357 1-04 


не 423681 -015ХЭ| “[1.044] = 25391 + 015)" 


0194 
de = РА = 12. 592т " 
0.286 
ах _1259х2539(1+015Х)'°® (1-Х) 
da 509 — '( 0151) 
aX 26.25 Un POLYMATH 


dë 7 (1-0133)^ 


Problem. Pll- 4B part. arb- 


1.009 


ig 
sod 
2 

D.*00 |] 
| | 
у 

аа ди 

9.209 т 4 
i 

0.000 -4----- а нн ны нн 

а.ба “0.800 1.208 1.600 2.000 


= 
Аз can be seen from the above graph, the affect of reducing the dimensions of the 
pellets by half results in the conversion reaching 99.9 % 1.18 cm from the entrance. 
This seems reasonable because reducing the size of the catalyst particles is one of the 
methods for increasing mass transfer and hence kc. 
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Р11-5 (d) 


If pure cyclohexane feed were used at the same volumetric flowrate 60 dm'/min , then 
the initial bulk concentration would be greater and there would be a greater 
concentration gradient across the stagnant film on the pellets. However the mass 
transfer coefficient will be reduced as the products must diffuse away from the surface 
which will be harder ín higher concentrations of cyclohexane. 
The equations used in Part (a) do not incorporate Cao, the initial cyclohexane 
concentration (Cao is cancelled out), so the only affect this change would have is to 
alter the physical properties of the bulk flow : 


RMM.P _ _ (84x2) 
RT 0.0821x773 


- = 2.647 gm | 1 = 0.00265g / ст“ 


u=? g/cms (cyclohexane , 500 К, 2 atm) 


P11-5 (e) 


This problem gives an indication as to how changes in parameters may affect a packed 


bed. 


—— 


P11-6 


Given, 


е Minimum respiration rate of chipmunk, 


Ед = 1.5 pmol O/min 

ə Breathing rate of Chipmunk, 
vo 0.05 dm? gas/min 

e Diameter of hole, D = 3cm 


Assuming, 
e А represents oxygen 
• B represents nitrogen 


e Chipmunk has a constant breathing rate of 0.05 dm? of gas/min 


Minimum flow rate of oxygen to the bottom, Ра; 


= Minimum respiration rate of chipmunk 
= 1.5 pmo! of O2/min 
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О 


Н 6; AL, Pr МА 


ПА КАМ Ме 
МАМА МАУ 
| ОЈ 
МАМА АМУ 
РЈ 
| ana 
SSAA 
Banana 
PARA 
ПИ 
E 
Аы 
ADONNSRANNSSSNSNSS 
МАМА МАУ 
SOA SOR SS 
SY 
EASA 
PAAR 
Bt 
ҚУУ 
рл ххх 
Қамы 
MANO AVAL SAU ықы 
AM = мм 
м 1 1 мо 
SAAS AAS 


MASA AAS NT 
AAAS AAA SAY 
мм AA) 
MANAG 
ASA 


AAA 
AAA AAA] 
AAA A 
SAAS 
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SA қылы 


Flow rate of А down the hole 
= Flux of A x Cross - sectional Area 


Cure 
AES = 2g M x A. 
Ce 
or L= g, C C „д. ---- (1) 
Ра 


£y, = 018 ст? /s = 0.18x10 т? /s 
2D?  zx(0.03m) 
we ин 
F,, -1.50x10 5 mol / min = 2.5ж10 mol / s 


= 7.069 x10^* m? 


Ac 


P11-6 (a) At Pasadena, California 
P. 
С, = х Ideal gas law 
40 RT Ул € 5 ) 


where, 

P, =1.013х 10? N / m? at Pasadena, California ( situated at sea level ) 
R = 8.314 J / mol.K 

Т = 25°С = 298К 

у, 70.21 (Mole fraction of oxygen in air) 


5 2 
1.013x10°N/m* 021 


(зэм РЕ M х298К 
mol.K 


Са = 


“Сл =8.59 mol | m? 


Now, 
Flow rate of A = (Concentration of A at the bottom) x (Volumetric intake of gas) 
Fy, = Са XV 
Vy = 0.05 4т?/ min = 0.05x10? m? gas/min 
F 2.5x10 * mol / s 


„С = = GERE RE EE 0.03 mol / m? 
т С у | 
min 60s 
Solving for the length from (1), 
L= 9, юби хд, 


AL 
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(8.59 – 0.030) mol / т 


L-0.18x10 ^m^ / sx = 
2.5x10 ^ то s 


ЕЕ 
2,1,-436т 


Р11-6 (b) At Boulder, Colorado 


Boulder, Colorado is 5430 feet above sea-level. The corresponding atmospheric pressure is 0.829 x 10? N/m”. 


Р, -0.829х107 N/m’ at Boulder, Colorado 


C= їг х 
ло = р Ya 
5 2 
S 0.829 x10" N/m x0.21 
(зэм 2j 
mol. 


^ Cao = 7.03 mol то 


Solving for the length from (1), 
-С 

Г = Ds, С» ~ Car y Ac 

Ем 

(7.03 ~ 0.03) mol | m? 


е — x 7.069 x10 * m? 
2.5x10 ^ mol 5 


L =0.18x10 "пе о] 


^L = 3.5бт 


Р11-6 (с) 
During winter at Ann Arbor, Michigan 
T =0°F =-17.78°С = 255.37K 


P 
Co HLX 
ло RT УА 


1.013X10°N/m? 


Соз ет UE TCR EM 
(sa 14 —— x 255.37 К 
ТОК 


2. Сло 710.02 mol [m 
Solving for the length from (1), 


277 =. С, ХА, 


L= Zg F 
AL 
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175 = 3 
1 =0.18x104m?/sx{ 255 | х|08002-003)тойт өдөх уан 
298 2.5x10 "то / s 


г. L=3.87m 


During winter at Boulder, Colorado 


T =0° F =-17.78°C = 255.37К 
Р 
С, = х 
40 = т Ja 


5 2 
0.829x10 N/m x0.21 


Соз lana EM 
(зэм ----Х 25533 | 
mol.K 


“С, 7820 mol | т? 


Solving for the length from (1), 


СутС 
L= £y p: Ах Ас 


AL 
зэ) р 4 (8.20 —0.03) mol / m° 


L-0.18x10*m? / sx| === г 
2.5x10 ^ топ s 


x7.069x10 *m* 
298 


“6, =317т 


Р11-6 (д) Individualized solution 


P11-7 (a) 
Given : P, = 510 mm Hg @ 35°С (from plot of In P, vs ИТ) 


B 
InP, =А- (т +С) Antoine Equation 
Dag = 0.120 ст2/ѕес (from equation of Fuller, et al.) 


озат |1 +1. 
М, М, 


Р, Fuller Equation 
^ ( PAM, +4[у,)? 


where V4 and Vg are the Fuller molecular diffusion volumes which are calculated by summing the atomic contributions. 
This also lists some special diffusion volumes for simple molecules. 


Fuller diffusion volumes 


Atomic and structural diffusion volume increments 


C 159 F 14.7 
Н 2.31 а 21.0 
O 6.11 Br 21.9 
N 454 I 29.8 
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Ring  -183 5 22.9 
Diffusion volumes of simple molecules 
He 2.07 СО 18.0 
Ne 598 CO2 269 
Аг 162 | N20 359 
Kr 245 МНЗ 207 
Xe 327  H20 1341 
H2 612 SF6 71.3 
р2 684 Ср 382 
N2 185 Br2 69.0 
02 163 502 418 
Ап 19.7 


P11-7 (b) 
By CS; molar flow rate balance 
[LN ~ 7-20 cm 


| | R=0.5 cm 


dN, 
dz 
And 
N,=K, 
Fick's First Law ( For Nam = 0) 


N, 2-CD,, = + X,(N, +0) 


=0 


_-CD,, dX, 
1-X, dz 


Equating the results of Fick's First Law and molar flow balance, then rearranging and writing in the integral form 


22 X 
K, | с-ср,, | ama - x,) 
0 


Xo 


Е „а 
t. 1-Х, 


Evaluating for z} = 20, Х = 0 


С= P (Datm 
=-—=—————— - 
КІ (82,6) 27€" ук 
gmol.^K 
-3.955107 gmol | cm? 
B 
Xia pan 
Protal 760 
* -5 
UR cre ората 
(20) 
= 2.64 *10 `7 gmol / cm ? .sec 
P11-7 (c) 
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For any value of z between z = 0 and z = 20 


C, -X,C 
M=X,M,+X,M, 
C, - X,C 

V, =М, /С, 
рМ № 1179103 

С 
y 2a tns ij 

p 


1 
(эх Х, )-1- xo, 1 


X, =@-Х), = (Xp 7” 


J =C, (У, - У) = №, -Х,№, = X,N, 
7, = C(V, - У) 2 -X,N, =-Ј, 


(107) 

2 Ха ХА Св Са 
0 0.329 0671 1.3 2.65 
5 0.434 0.566 1.71 2.24 
10 0.573 0.427 2.26 1.69 
15 0.757 0.243 2.99 0.96 
18 0.895 0.105 3.54 0.415 
20 1 0 3.95 0 
ш ыы 10у... 

2 Ма МА V V 
0 0 99 7.17 8.32 
5 0 118: 7.17 9.05 
10 0 15.6 7.17 10.25 
15 0 27.5 7.17 12.5 
18 0 63.5 7.17 14.9 
20 0 1Е+06 7.17 17.5 

Р11-7 (д) 


ул 
| -(1— X,) (-2/2,) 
ОЈА 
А 


(107) 
РА 
2.02 
171 
1.29 
0.73 
0.316 
0 


(105) (10) 


ја=-јв 
316 
4.52 
6.77 
10.9 
14.9 
20 


11-21 


Ja=-Jg 
8.7 
11.45 
15.15 
20 
23.6 
26.4 


ОА о 
0.842 607 
0.774 56 
0.661 49.4 
0.456 40.5 
0.236 34 

0 28.97 


Mole fraction 


а 
Е 
о 

p 

о 

о 

ын 
c 

2 

T 

= 
8 
Е 
S 

o 


Diffusion Flux 


mass/cm3-sec 


diffusion Flus(*10^6, *10^8) 


P11-7 (e) 
Evaporation Rate of CS} (pi, @ 20 °С = 1.26 gm/cc) 
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Q.0*10*) 3600 #24) 


” 1.26 
3 0 
-1075 ст (020 C 
дау 


Р11-7 (f) No solution will be given 


P11-7 (g) 


Molecular diffusion of air is taking place 
Мр =Ј; + X,(N, + М) 
0-J, + X,(N,) 
J, --X4(N,)- 0- ХАМ, 
=-Л, 


Р11-8 (а) 


Quasi-steady-state — no accumulation in the capillary tube or in either chamber. 


Volume 1: 
Accumulation = in — out. 
ам, а(с,М) 
TA ICA -о-үү 
dt dt АА 


ду 

W, =—-D,,C, 7 +у (И, #72) 
EMCD: МА = -Wg 
ас, 


L 
W, = -Вив "dt ? W,z|, --D,4&C, 


C4 2 
Си 


р 
W, == (Са 272) 


Volume 2: 

AR) -W,A, -0 
== чс 
= “ар -Сь, ) 
Subtraction gives us: 
Sa Ca). Adal |с. ae) 


Now integrate: 


1 2 
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р 
бе, = „ера... | Consan 


L (V У, 
P11-8 (b) 
(Са 7 C44) = КАС 
ЇЕ АН ел E d t + Constant 
L (ў V, 
nac Pa (T. bree, 
L 1 2 


In AIC = -D,, (0.01025): C, 


if we plot In(AIC) as a function of time and find the slope, that would give us Рав 


See Polymath program P1 1-8-b.pol. 


POLYMATH Results 
Linear Regression Report 


Model: InDIC = a0 + а14 


Variable Value 95% confidence 
a0 3.7024708 0.0078035 
а1 -0.0107008 9.83Е-05 
Сепега! 


Regression including free parameter 
Number of observations = 9 


Statistics 
В^2 = 0.9998944 

R^2adj = 0.9998793 

Rmsd = 0.0015013 

Variance = 2.608E-05 

Dap = 0.0107 

P11-9 


Dissolution of monodisperse solid particles in excess solvent. 
3i | э p 
Di -D-—--—-(D > D) = ал 
2D* 


pr (Di ~ D) 
ado сыш 


Define conversion in terms of volume dissolved : p.t m 
PED? 
6 


gives DzDi(l- ху? 
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< . y В 4 1 1 „> УКР | 2 
Substituting for О: — Di - Di(1 - Xy EDU ~ [Di (1 - ХУ?| J=a.t 


term | term 2 


Surface reaction controls: 0% is large, term 2 is small cf term 1 
Di-Di(1 - X)? = 04 


Ts 
( ) Di 


Mass transfer controls : D* is small, term | is small cf term 2 


55:0 -[pi t - 39^] e o: 


Di 
——(1-—(1—X MM am 
2D 20-4 је) Di 


Both regimes apparent : Term 1 and term 2 apply 


ах P» а а. хез |= ам 
[- 0-3 ја (X Mes 


P11-10 (a) 


Mass transfer limited и Wa = ke Сао A in excess , Ca = Cao 


The reaction rate is equal to the mass transfer rate - ra" = КС = Кс.Сао 


: e 2 
For small particles and negligible shear stress : kc = 55 


р 
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3 
4 em. 
Mol balance оп solids : rs RD =. 6 ) ра? ар 


For | mole A dissolving | mole B then -rax => tas” = Ко Сао as Cas is undefined 


dD [ 3 йг = “га” | 4. De. 3-4 


ш l ug 


Boundary conditions, t 0, D = Di 


Time for dissolution, tc , at D = 0, and assuming particle density, p = 2000 kg а/ш? 


p. Di Й 2000 x (10e - - m _ 
7 &. De. боо 7% х(10е- -10) x (2000) 
i.e. virmally instantaneous dissolution 


= 0.1255 


P11-10 (b) 


Surface reaction limited „па = К.Саа 
Mass transfer effects are not important when the surface reaction rate is limiting. 


Mol balance on solids : ree! RD mo A M. 


For | mole A dissolving | mole B then ~ t4 =~ Das 


ар _ Tea). 2 


dt p 


Boundary conditions, t 0, D Di 


| E A [ dt 
Po 
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Э 
aie Nc Cao.t 
Р 


шүлэг 
D= Di~ Са 


p 


Time for dissolution, іс, at D = 0, and assuming particle density, p = 2000 Ка/га* 


p. Di 2000 x (10e -- 5) < 
(СЕ леа = Á— ÁÁM—XÀ 302 5 xlOel2 5 
2.kr.Cso 2х(10е — 10) x (2000) 


a very long time. 


P11-10 (c) 

At t = 0, total moles А in tank = 0.1 x 100 = 10 mol А 

Le. there is just enough mols of A to completely dissolve all of B in a well mixed tarik. 
Acid not in excess and dissolution is mass transfer limited (Са, = 0 and Ca = Cao) 


War = КОСА - Сл) = - ru" БЕСА assume zero order in В 


E 2. 
War = КЕ (СА = См) = гр = A л and = ы 
ke + kr D 
р kr 
“Fas = =“ Ga where D* = = Бе 
E сш. Кг 
D* 
H 
(er? | 
Мо! balance on solids : ta do DU eere 


For | mole А dissolving | mole В then - ra; = га 


ар _ [em » zec E 


dt | р р 1+ D 
D* 
ар 1 2. kr.Ca 
ЕРЕ === | where ©, = 
dt + 23 р 
\ D* 
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Boundary conditions, (= 0,0 = Di 


Di - D —— (DË - у= шл 
D * 


As а function of radius : 


-pi (67- (28. нт) 
| ) 


ЈП ——— RR 


‘Time for complete dissolution, te, аге 0: 


RM 
Q 249%! 


assume р = 2000 kg/m? and а 2 ZAC 22Х006-18)(0168) _ 19, 10 
р 2000 
2 2 " 
р" = 2.06 _ 2x(10e-10).— 2 х10е8 
kr 10e —18 

| Р (10е ~ 5): 
gives (с = Ше — 8) + а = [0 14. 
Secus 096- : 2x(2xl0e--8) ici 


again a very long time. 


P11-10 (d) 


То reduce tc, increase С, and / or decrease Di. 
To inccease tc, decrease С, and / or increase Di. 


P11-11 (a) 
Irreversible, gas-phase, adiabatic. no pressure drop, packed bed. 
Isothermal 
dX 
Мо! balance : Pag. zr mol/zcat $ 
dW 
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where Fao = Соль = 10е-3 x 1024 = 10 mol/cm? 
Rate law : ~ra ek Са But C, is unknown. 
Assume reaction rate is mass transfer limited. 


МА = ke (СА E Са) = kc х 


Ёс.СА 
a. 
kes k 

k Кс. СА ст“ mol 

eA. WE emm mnn хөвж 

kc e E s.gcat ст! 


where k' = 0.01 cm '/s.gcat at 300 К (constant - isothermal) 
Sh = 100. Re'^ 


из PA Кк uz 
bow De. юф 528) = Eae а кг 
У 0.1 0.02 7 


converting: 707 x aca = 70.7 x 60 = 4242 си /5.аса! 


Stoichiometry : gas-phase, constant pressure and temperature 


Cam сво 125) 
1+=.Х 


where &=улоб = 0.5(1-1) =0 


Ca = Coll - X) and Cao = 1 mol/dm? = 10e-3 mol/cm? 


POLYMATH 


Equations: Initial value 
dix) /diw) =-ха/Еао 9 

к-0.01 

faoz10 

Кс=4242 

сао=0.003 

cascao*(1-x) 

ras~(k*ke*ca) /(k+ke} 


мо = 0, ЧЕ = 16406 
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Veriable Initial value Maximum value Minimum value Final value 
~ 9 1е+05 0 18-06 
х o 0.53212 0 0.63212 
k 0.01 0.01 0.01 0.01 
Бао 10 10 10 10 
ke 4242 4242 4242 4242 
cao 0.001 0.001 0.001 0.001 
са 0.001 0.001 0.00035788 0.00036788 
ra -9.99998e-086 -3.67879е-06 -4,99998е-06 -3.878788-06 
0.800 I 
DEA 4 p 
„т 
KEY: pe 
t 
29 х 2.480 -- mid 
0.220 -+ a“ 
Н di 
2.152 
4.206 | ee eee eee ee Sa ее 
8.200 2.250 0.406 
м — 
For а conversion of X = 60 % . W = 925 kg 
1.120 T 
H 
0.355 | po 
З М. 
Scale: 103 | ` 
asco ++ ~ 
KEY: | à; 
ca p 
3.540 + қы. B 
| Ун 
9.480 -t “ы 
| ы 
0.2209 ee па 
с.00 3.260 0.500 5.606 а.аса “000 
ы 


P11-11 (b) 


Adiabatic operation 


Mol balange and rate tow as in Purt (a) 


ith £(T) 001 4000( 1 — 1 || 
ми ^ == еј d 
| “P 087300 7) 


where ЕЛ 0 and To = 300 К 


а 5 КИ 28: 
Stoichiometry : Сл цэг 
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and Cay = 106-3 помета” 


Energy balance : — м — они 


dr ~ NC. 
y Fio.Cpi.(T — Tio) = [10x 23 (Т қ 3003 + ПО x 75 (T - 750)] 


= 1000 (T - 300) 
- 1000 (T- 300) + 10.X.(10000) = 0 


POLYMATH 


Equations: Initial value 
dix) /diw) 2-za/fao 0 

ке0.01 

Ғаош19 

Кс-4242 

caos .0021 

Tos3900 

Тэ(10"х“10000/1000) „То 

сашсао”(1-х) *(То/Т) 


z300K 
razs-(k*kc*ca)/(Xkrkc) 
“259. Vg = 1.20006 
Variable Initial value Maximum value Minimum value Final value 
“ 0 1.2е»06 a 1.2е+05 
х 9 9.554825 0 0,554825 
к 0.01 0.01 9.01 0.01 
fao 10 10 10 10 
xc | 4242 4242 4242 4242 
сао 2.001 9.001 9.001 9.001 
т 309 390 398 309 
T 300 363.483 390 365.483 
са 9.9601 0.001 S. 000283331 9. 000283331 
ra 79.93998e-08  -2.83i33e-06 -9.999988-05  -2.8333e-Q6 
2.800 
1 8,550 нс” 
КЕ Ys. a 
"d 
m х жез 
2.420 S 
2.320 
9.159 
„боо -С------ ————— — a —— ——— —— — € | 
ae с.сой 0.380 0.500 0.900 1.200 1.500" 
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For a conversion of X = 60 % , We, = 1020 Ке 


(———— d и M Ó mt ner 


374.000 
Н 
asc.aca -+ ps 
i 4 = 
Быр; | 25» 
--Т 344.Саа-1- Pd 
| zo 
PA 
| 
328.000-.— 
H 
i 
јен 
1 
286. aca I питати фене ОНО 
5.500 2.260 0.500 5.800 
(5) 
LOSI o 
2.8890 № 
Scale: 1 оз H 
KEY: 0.720 -- 
-ca . 
i T 
assa -h “ 
S 
| E 
H io" 
0,300 р Яс ыы. 
Bw 
Q.24Q dr —— MÀ de 
200 9.390 0.500 о.заа 
ш 
. 
P11-11 (c) 


It is possible to generalize that the addition of temperature variation in adiabatic 
operation does not affect the conversion, concentration profiles in form, but the 
numerical values are slightly different. Because the reaction is exothermic, isothermal 
operation enhances the conversion profile along the packed bed, so that for a given bed 
diameter less catalyst is required. Н is clear that adiabatic operation inhibits conversion 
as heat is not removed from the system so more catalyst is needed for the required 
conversion. The removal of the heat generated in the reaction allows a reduction of 85 
kg of catalyst in the bed. More detailed economics will indicate whether isothermal 


operation 1s worth it. 


P10-12 (a) 


Dissolution of pilis. 


Complete dissolution. 
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—— — aL | 


Саз енна 7 o, ата 
12277 У потасћ 
ы бас Ein 
& һыу со пип 


Есіме С, to time : 


Three pills. each with different thickness outer layers, the inner cores dissolving at 


different times (but at the same rate) to each other, will each contribute to С in the 
stomach. 


Pill D:=5 mm, О = 3 mm 


34 xf = 
Time for outer layer to dissolve t= uos 21 ve ЕЙ 21 3. ds 1.18 min 


8 х(6 х1де – ҮР 0 
Pill 2: D: = 4 пип, О = 3mm 


4 £ ~ 0,3? 
Time for outer layer to dissolve r = 2935 о У ) 


| 8x(6x10e — 4 4)xLO z 
РИЗ: D: = 3.5 inm, D; = 3 mm 


= 0.52 пи 


Time for outer layer to dissolve th = БАР кы О 35 Жил. D 35. = 0.24 min 
8 x(6xl0e -- -4)x1.0 


ы dw. trinxtamachtt 
Attz t mol balance on drug : rin D) == 522. 
t 


We 2571 insteg 
where Ca === X i: and га’ = KS, 


dC. кел. 2DuSen D' 
dt V DV 
where W = mass of drug in stomach, g 
V = volume stomach fluid , cm? 
and boundary conditions: t=t,,C,=0 


Саб, Сл = Cus МУ = 0.5/1200 = 4 17х10е-4 g/cm 
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Outer layer : 


0 
— те. D pe 
Ї Р 


Mol balance on outer layer: 0-0 ri ac Ро 


and ға” rate of dissolution of outer layer = rate of mass transfer from pill surface Wa 
Wa = Ке. бош =- fA" 


2. Das 


Shz2,k 
D 
В . х10е-- di 2 
Assume density of outer layer = inner layer а = 0.03548 / ст? 
m 


Sou = 1.0 kg/cm? 


ар _ 20-37). 2х2храв Sow 
й р D.p 
Boundary conditions : t=0, ОГ» 


ішіп, D=D, 


De? р 2х2 Das. Sou ; 
22 Ж сам GAE НА 
3 р 


where t; = time for outer layer to dissolve 


0.0334x(0.4* -- 03") мг 
рош ШШ 0.32 min 
8x(6x10e ~ 4)x1.0 


inner core : 


Boundary conditions : сей, 0-0, 
іші, Ded 


where t; = time for inner core to dissolve 
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| 0.0354х0.3: 


БЭ qe: 166 min 
&x(6x10e ~ 4)x0.4 


urne for complete dissolution , ty = ti + t = 0.52 + 1.66 = 2.18 min 
P10-12 (b) 


blood stream stomach 


7*— adsorption 


Cg conc. in blood 


„Са conc. in stomach (O) 
dissolution (O) 


stomach wall 
Let rate of adsorption into bloodstream 
= ГА’? m КАСА 
Relate concentration in stomach Сл , to concentration in blood Св: 


Mol balance on drug in bloodstream : 


„ _ dCs 
FACEM ние 
dt 
dCs 
Sere = ka. СА 
dt 
15.000 4 д. 
) 
4 9:900 ІҢ 
Scale: 10 i | \ 
1 
KEYI. 6.900 | x 
[fla | N 
4.300 + М 
| 
2.366 4 
| 
n EIC = us rM mer —— сања. 
M 2.200 10.000 20.000 30.000 40.0CC 80.202 
ї 


11-35 


Ep n 


\ 


1.600 ~ Ж 
Scale: 109 | / 
1200 -- / 
КЕҮ:, L x 
-Cb | / 
6.300 —— у 
i Ї 
+ / 
2.400 d / 
Lf 
} 
Ясаба bd at eee en - ENG Иш сы ылы кыту ыз 
aga D.0CO 20.000 30.566 40.060 50.006 
х 
Р10-12 (с) 


The graph of Св against time shows how the drug concentration in the bloodstream 
initially varies with time and then becomes independent of time as all the drug initially 
in the stomach has absorbed into the blood (consumption of the drug within the 
bloodstream has not been modelled, unrealistic but no data). If a certain drug level is 
specified, and assuming a constant size of inner core (drug) and that the pills were to 
be taken similtaneously, then the way to achieve this would be to use pills of different 
outer layer thicknesses-to maintain an even stomach concentration and hence 
absorption rate over the whole period. 


2 : : 
dt p D.p 
and boundary conditions : t=u,D=D, 
t=b,D=0 


Using logic io obtain the correct timing for the drug concentration profiles inside the 
stomach for each pill, the total profile is used in the relation with the concentration 
profile in the bloodstream. 
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мын 


Pli-12C 
‚ Equations: 
diD1)/d(t)sif(t»0.24)then(if(D1»0.00001)then(-4*Dab*Sin/( 9.3 
Di*rhojjelse(0))else(0) 
а(съ) /d(t) »ka*Ca*V/Wbody 


d(Ca2)/d(t)-i£(t»0.52)then(2*Dab*Sin*3.14*D2/V)else(0) 
(02) Г4(5151ө еы»0.52) then(i£(2220.00001)then(-4*Dab*Sin/( 
D2*rhol)else(0)jelse(Q) 


0 
d(Ca1)/d(t)zsif(r»0.24)then(2"7"Dab*Sin*3.14*DL/V)else(Q) 0 
а 

0 


d(Ca3)/d(t)sif(C»1.18)then(2*Dab*Zin*3.14*D3/V)else(Q0) 9 
3103) /d(c) zif(c-1.18)then(if(D320.00001)then(-4A*Dab*Sin/( 0.3 


D3*rho]leise(O))else(0) 


бар-0.0006 

Sin=400 

rhoe35.4 

кал0.186667 

Ч 1200 

пробу 75000 

CasCal«Ca2«Cal-^(Cb*Wbody V) 

55% Ба 45 

Variable Initial value Maximum value Minimum value Final value 
t в 45 a 45 

рі 0.3 0.3 9.996Se-06 9.9955е-06 

th а 2.00164е-05 9 2.00164e-05 
Cal 0 0.000417376 9 0.000417375 
Ca2 9 0.000417373 0 0.000417373 
р2 9.3 0.3 9.99774е-06 9.99774е-05 
Саз 9 4.000417364 2 0.900417364 
юз 0.3 0.3 9.99841е-06 3.99841e-66 
Dab 0.0006 0.0006 0.0008 0.0008 

Sin 400 400 400 400 

zha 38.4 35.4 35.4 35.4 

ха 0.196667 0.166667 0.155687 0.188557 

M 1200 1200 1200 1200 

Wbody 75900 75009 75000 75900 

са а 2. 00099118 ° 1.09044е-06 


Relate D with tme :. ар m 2... За 4. D 22 E S 


dt p D.p 
and boundary conditions : t=t,,D=D, 
t=h,D=0 


Using logic 


profile in the bloodstream. 


P10-12 (d) 
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to obtain the correct timing for the drug concentration profiles inside the 
stomach for each pill, the total profile is used in the relation with the concentration 


ne 


To maintain constant drug level by maintaining a constant stomach concentration, 
time needs to be allowed for the dissolution of the outer layer. for a given period of 
say 3 hours, a size distribution of outer layers is needed, with thin layers for initial 
response and thicker layers for delayed response. This distribution would be back 
calculated given the necessary stomach concentration for the required bloodstream 
concentration accounting for bloodstream drug consumption. Optimization of the 
stomach concentration will indicate the times at which complete dissolution of the 
outer layer of the *next' pill is required to maintain this level. The range of pill sizes 
depends on the number of pills which can be reasonably consumed in one sitting, the 
period for effect and the limits of practical pill size. 


RC 


P11-13 


The plot of the data is shown below 


emet ar o i ritmo а кен кеннен тесте enr ————— AG 


Particle Diameter vs Time 


10 - 
9 
8 
8 7 
% 
Е 6 
= 
а 5 
із 
б + 
Ч з 
сы 2. 
8 
0 


imer етан во 


Initially the rate of incineration of the droplet in terms of diameter, is non-linear, but 
apparently becomes linear after ~ 50 time units. The linear form of the data indicates 
that the diameter is directly proportional to time and the rate of decrease in diameter is 
constant and hence not a function of diameter. This relationship should make it easier 
to estimate the required incineration time for complete destruction (zero diameter). 


Assuming that rate of diameter decrease continues at the linear rate until complete 
destruction (at time ty and hence complete decomposition of the POHC's, the 
equation for the linear relation indicates t4 - 160 units. 
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ivfol balance oa laver of earth control volume: 


аса 


FA — False Ac АЕ ВШ = AGW, 
dt 
а 
dt 
dWa ас. 
z-+0 nudi ЭРЭ age 
d dz dt 
i i | : аса 
For dilute solution and constant total concentration : We О 
Gives : Рав 2 а 220 
аг d 
Let Mom ив gives Dag AA = Фу 
С. AQ ағ” т 


Boundary conditions : 
t z t (present day) z= © (surface), у = 0 


АЕА М = 1 
:= 0 (end of glacial) , z > 0, = 1 


> 
~ 


Gives the error function : у = erf~ = 5 


let ig 
V4. Das t Ч 44. Das.t 


It is defined that at | = 1.82, C4 = 0.01 Cao and for т> 1.82 , C, is negligibly small. 


This defines the penetration thickness, 8 (as a function of time) : 182 = 5 


4 4. Рав. 


——————————P 


Concentration Profile 
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But rhe graph gives at, Ca = 001 Cao -> 2-04 hence 6=18-04 m , the 
penetration thickness after time t. 


The time taken for 6 to reach this thickness, is the time since the diffusion started (i.e. 
at the end of the last glacial) 


176ү | | 
а нее шы 56 бурау 
182) 2x264xl0e- 10 3600x24x365 


CDP11-A 
CDP11-B 
CDP11-C 
CDP11-D 
CDP11-E 
CDP11-F 
CDP11-G 
CDP11-H 
CDP11-I 
CDP11-J 
CDP11-K 
CDP11-L 
CDP11-M 
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Solutions for Chapter 12 – Diffusion and Reaction in Porous 
Catalysts 


P12-1 Individualized solution 


P12-2 (a) 
ü тез 


(lines and angles not to scale) 


P12-2 (b) 
(1) First Order Reaction Kinetics 
“с, C. 2 
yea КЕ" D, 522 EQ сва per 
= А0 
2 2 
Фү аус paci 


V = А созћ/рал + В ѕіпһурал 


P. = AVDa sinh4 Da + B4/Da cosh А, 


|= 
= 
|| 

© 

| 
> 

Џ 
— 


ду 
Symmetry —-=0 0 1-1. 
у y dX | 
В SACS inn = -А TanhyDa 
coshy Da 


w=1 @ Л=0 
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1= А coshyDa 


_ 1 B- TanhyDa 
cosh«Da | созћ cosh4 Da 


_ coshvDa А coshyDa A T anhyDa TanhyDa . | [Da À 
coshvDa © coshyDa 
(2) Monod Kinetics 
2 
р.8СА. Вах САСС _ 9] Use 
e dz — KgtCa | Quasi 


Steady 

асс HmaxC АСС State 

227 — 70 | Analysis 
dz Ks + Cx 
No further solution to Monod Kinetics will be given. 
(3) Variable Diffusion Coefficient 
dE, 

=v,W, 
ES 021,0 
W, --D, dC, __ D UR dy 
dz L ал 2440 
Б, Р.Сло dy сАс/У 

dt L ао 
Mole balance 
4 ас, 

е 
_ te 1 Кеб 
dz 
for hindered diffusion 
Dag 


D.=—— 42 — 
* 1407 R2/( - Ry) 


As a first approximation, assume no variation in De with À 


Solution the same as before Equation (E12-2.13) 
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у, = dCA|  __DeCao dy 
: * dz z=0 L ах 3-0 
ду 2к12 
BY 0.260) =-20 =- 
ах А=0 2р,Сдо 


2 
Wo, =Wa =(- 2:50 LED |р 
L D.Cao 


The flux of О» in does not depend upon D, which is not uprising since this reaction is zero order. 
For the build up of material that hinders diffusion 


Жы. А. = A Lk - kV 
dt 


Fy = kVt 
From a quasi steady state approximation as time goes on Fy increases De decreases and фо 
increases. 


However, the point at which the oxygen concentration is equal to zero has to be found. We can 
parallel the analysis used in P12-10 switching the coordinates of A=0 and А = 1 (see solution to 


P12-10(c) in which the solution manual) we will find 


is 
Фо 
Increasing 
0 | 
Аф Ла А=1 


We see that as t increases Лс decreases, that is the point at which the oxygen concentration is zero 
moves toward the top of the gel. 


P12-2 (c) 
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(1) ForR, т = 0.182 18.2% Surface reaction limited and 
81.896 Diffusion limited 
ЕогВ2 1|-0.856 85.6% Surface reaction limited and 


14.6% diffusion limited 
—r, (obs R? 
(2) Сұр = мор. no? (12-59) 
D.Cas 


= (0.95)(0.9) =0.77 
which is less than 1 so there are no significant diffusion limitations. 


P12-2 (d) 
Ц 
Q = — 
1+ kS,Pp 
Кас 
-- ___ 1 TN 
1; КЗарь 
т Ка 
О =0.059 So 5.9% surface reaction resistance and 94/1% external and internal diffusion limited 
0.941 0.941 0.941 
968. = Ш 
LN К5арь 6.0+10.96 16.96 
N Ка, 
(SF : 6.0 
% Internal diffusion reaction 0.941x100 х T6956 = 33.3% 
% External diffusion resistance = (0.94 1)(100) x a = 60.8% 


Summary of Resistances 


External Diffusion 60.8% 
Internal Diffusion 33.3% 
Surface Reactor __ 5.9% 

100.0% 


Increase temperature significantly. Surface reaction % resistance decreases. Increase gas velocity 
external resistance decreases decrease pellet size both internal and external resistances decrease. For 
99.99% Conversion 
1 1 1 In(10,000 

/ nee 6 1240) 


L,=L,In -In = 0. 
1- X, 1- X5 1- X, 11500 


-0.16х Е 0.24m 
6.21 


P12-2 (e) 
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G) From Mears's Criterion 
-АНьх (-тл ЮВЕ 
2 
hT^R, 

The value from the question 

АНЬ, = -25kcal/mol = -104.6kJ /mol 

h 2 100BTU /h- ft.?F —0.567kJ/s.m? -K 
E = 20kcal/mol = 83.682kJ /mol 

Rg = 8.3144 1077 К1/што!К 

From example 12.3 

га = К5,Суо 

k = 4.42 *10 9103 /m? - sec 

S, = 530m? /g 

рь = (1—0)p, = 1- 0.5)(2.8* 106) 21.4 * 108g /m? 
В -3*10?m 


T -1173K 
At the inlet of the reactor the fraction of NO =0.02 


From ideal gas law 
n P 


V RT 
_101325+10° 
7 8.3144 *1173 
Сқо = 0.02*10.39 = 0.2078mol/m? 
Substituting all value in the first equation 


104.6)0442*10710)(530)(0.2078)}146*108)(3*1072)(83.682)| 2,104 


(0.567)01732)(8.3144 #1073) 


As the calculated result is lower than 0.15, there is not the temperature gradient. The bulk fluid 
temperature will be virtually the same as the temperature at the external surface of the pellet. 


сыз 1) 


=10.39mol/m? 


P12-2 (f) 

(k) For y = 30 use Figure 12-7. 
If you draw a vertical line up from ф = 0.4 it should be tangent (or very, very close) to the В = 0.4 
curve. Any slight increase in temperature will cause the reaction to go to upper steady state. 


P12-2 (g) 
1 кр,5 
1 ш----- , =В са. 
8 атъ c Фф = р, 
For large ф 
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Бел Баз р, 
"вк Скүкрз, 


ra Өз 
1+ ку 
| Атеа 2 
(1) Pore closure. Consider De As t — го pore throat closes B= A , 0, —0, D, — 0, and 
ea 


фу — оо SN -> 0 
(2) Loss of surface area S4. As t — го then S; 0 then ф-э0 1 — 1, but -тд -45, —0 


P12-2 (h) 

(m) The activation energy will be larger than that for diffusion control and hence the reaction is more temperature 
sensitive. If the apparent reaction order is greater than one half, then the rate of reaction will be less sensitive to 
concentration. If it is less than one half, the true order will be negative and the rate will increase significantly at low 


concentration. 


P12-2 (i) 
In example CDR12-1, the reactor is 5 m in diameter and 22 m high, whereas the reactor in CDR12- 2 is only 2 m’ in 
volume. The charge is much different. In CDR12-1 the charge is 100 kg/m? and in CDR12-2 it is only 3.9 kg/m? 


P12-2 (j) No solution will be given at this time 


P12-2 (k) 
With the increase in temperature, the rate of reaction will increase. This will cause the slope of C/R; vs. 1/m and, 
therefore, the resistance to decrease. 


P12-2 (D No solution will be given at this time. 


л e e a a e 


P12-3 (a) Yes 


P12-3 (b) 


All temperatures, Fro = 10 mol/hr. The rate of reaction changes with flow rate and increases linearly with temperature 


P12-3 (c) Yes 


P12-3 (d) 
T < 367 K, Ею = 1000 mol/hr, 5000 mol/hr. 
T < 362 К, Fro = 100 mol/hr. 


P12-3 (e) Yes 


P12-3 (f) 
T > 367 К, Ер, = 1000 mol/hr, 5000 тот. 
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T > 362 К, Fro = 100 mol/hr. 


P12-3 (5) 
 actualrateof reaction __—7 (at362 К, F,, 2 10mol/ hr) 
7 idealrateof reaction — -г, (21362 K, F, = 5000 mol / hr) 


Q- G20): = 0.37 
0.70 
P12-3 (h) 


At Fr = 5000 mol/hr, there is non external diffusion limitation, so the external effectiveness factor is 1. 
actual rate of reaction (at 362 К, E, = 5000 той / hr) 


~ extrapolated rate of reaction (at 362K, F = 5000 mol / hr) 


1.2 
7 = 14 = 0.86 
P12-3 (i) 
_ 3[фсозһ 9-1] 


_———=0.86 
9 


by iterative solution Ø = 1.60 
C, Lsinh(94) 
Сы А sinh@ 


——————————————— M ————-———- 


P12-4 (a) 


External mass transfer limited at 400 K and dp = 0.8 cm. Alos at all Ет, < 2000 mol/s 


P12-4 (b) 
Reaction rate limited at T = 300 K and dp = 0.3 cm. When T = 400 K: dp = 0.8, 0.1, and 0.03 ст. 


P12-4 (c) 
Internal diffusion limited at T = 400 K and 0.1 < dp « 0.8 


P12-4 (d) 


_ Tate with ‹ with d, = 0.8 -10 0655 


rate with d, =0.03 16 


Р12-5 
Curve А is reaction-rate limited. This is so because of the way the curve bends, implying an exponential function which 
is the equation form for the specific reaction rate with respect to temperature. 


Curve B is inner-diffusion limited. This is because it has a dependence on temperature, but that dependence is small. 
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Curve C is outer-diffusion limited. This curve has a much larger dependace on temperature than curve В. 
NEAN ааа (€ 
P12-6 (a) 


Ifo = СА ilr o2 Ерс! 
R Р: 


ка Boundary ф = n = ) = 1 


A! sinh 0, conditions: Ф = (a = 0) = finite 
Effectiveness factor: Т = = (о cos h фу - 1) first order reaction. 
91 
Aare- 18 
Ар гж» >, А. = L.C. = 0.1 Саб where Cas = 1х 193 moie. 
2 4 
32223924 | 
1x 103 К = 1 x10? cml 
» р = 7 1 
"Л T е с = 0.1 cm2/sec 
3, sin h Oi 
m " | sinh 2. 
AX =È, ф = 01:01 -2| - ЕЛЕЛ ін - 6.0 
| sm a (o1) 
Ж” y [sin h(6 x 0.7] 
‚7 | sinh6 | 
Ca = xb [et2-¢ 4 = 42] 
1x10? 0.7 | es-es | 


СА = 2.36 x 104 шин 


P12-6 (b) 
п = 206 cosh, - 1] = 0.80 => фу = 2.04 
1 
k R? 
62 R^ Sa рв 
Ат А = 5, = 0.1 : фу = 6 (see part (а)) 


Р12-6 (с) Individualized solution 
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ааа ЕЛИНЕ оыс NEC rer E 
Р12-7 (а) 
Start with а mole balance: 
УА, WA]... +r АА: = 0 
Divide by AAz and take the limit as 2 --> 0. 


aw 
az 


From the flux equation: 


-r =0 


Combining the two equations we get: 


4-0, dC, [dz] +Е=( 
dz 


Dividing by -D, we get: 


2, 
FC. Eg 
dz D 


е 


We need boundary conditions 


B.C. (1): “Cs =00:=1 


В.С. (2): С, = С, @2= 0 
We can then solve for the concentration profile: 


dC, kz 
EARS qu 
dz р : 


е 


Using boundary condition (1): 
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Integrating агаш: 


kz kL 
ac, = Е z 
k kL 
С, "25^ “р 
From boundary condition2 С, = С, 
kL 
C, = 2D," -gte 
P12-7 (b) 

п =AL of reaction with diffusion 
rate of reaction without diffusion 
2D (Ca - Cao) 

п = 20-20) | 2D(CA- Cao) 

К k z(z - 2L) 
P12-7 (c) 
Boundary conditions: СА =Oatz=L 


0 = kKL(L.1)« Сао 


2.3 x 1015 moys)/(3 x 107 10 cm?) (L cm) 


L = „у ем - 4 213.6 х 10 5 cas) (4.36 x 103 molem?) 
* (2 


LIZ = 0.0640 
L = 0.0041 ст = 41 рт 


P12-7 (d) 


The answer in part (c) is equal to the average tail length. 
n = lin this problem. ЁТ = 


1, then it contradicts the assumption of diffusion 
being rate-limiüng. 


а 


12-10 


Ээ 
A NEUE 


4 рі” | 
2-0 | z = 2L 
СА = Cas -— СА = Cas 


жй; 
Са 10 Cas 


First-order irreversible reaction: А >В 


тА = К СА 


_ 2. | 
Mole balance: - = d? |ба) +лаігА = 


| cos h le (1 - = 
Concentration distribution: СА = Са; | —— LLLA 


L = 103cm, 2L = 2x 10-3 cm 


Cas = 10-3 g mole/l 
D = 0.1 cm/sec 


-Ы 
Atz = L, CA = 16 CAS = сл elt | 
cos 
= 
10 cos họ 


ф = 2.9932 
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P12-8 (а) 


Ё ш | 
Аї2 = 121: Сд«Са|-----2 


созћф 


_ cos ћ[2.9932(0.5)) 
оси 
СА = 2.345 x 10 3 g том 
P12-8 (b) 
= 2 ——— 2 
ф = 2L рү = o a (2L) 
; 2 2 
па tan h фода _ ав 129932 = 03324 
ola 77955 
Tew = 0.8 ШАЙ 200002 0.8880 
Onew 


Anew = 2Loid E x 10 3) [0.5330] 5.993 x 10-4 сп 


Gold 
P12-8 (c) | 
= = Cas . = ___0.001___ = m c 
Atz = L.C4 2056... 2058(0:8880) 7.038 х 10 < g том 


Thus minimum C4 is now 70.38% of Cas. Therefore the suggestion is plating entire 


surface of the inside of the pore. 


P12-8 (d) Individualized solution 


E a a өз-не еее... 


P12-9 (a) 
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Define Wa > 0 in direction of increasing 2. 
Material balance: 


Wa Арі, - Wa Apl 


ЯА = КСА; Wa = - 


Taking Az — 0: -Ар УА 


А»2 р, E kCaaAp = 0 


„ру Ч СА 
For constant De; De- A 


Boundary conditions: z = L Ca = 


Cas 
= 0 ex = 0 by symmetry 
d Ca = 0 2 = ka 
dz СА 0 where с“ = D. 
Assume Ca = е2, Іһепі2-о02 = 0 Т = 


СА = Å; e X92 + A, еш 
Atz = L: Cas = A eal + А, eal 
m = 0 = -Q Ај + с: Ad = 0 


Ај = А; 


From above: Ај = Cas 
е OL + әсі. 


Cy =e xem 
i eal + eat 
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2. д + “КА а АРА; = 0 


-De E for small Ca 


Therefore, concentration profile can be written as: 


= cos В (az) 
Ca = Cas ШЕ 


Wa Аг = (SAL) Ap = - Ap D. Casa ira ka) 


Wa Ap = -АрО, & Cas tan h (aL) 
By the sign convention: -Wa Ар = птда ApL = -qn К Casa ApL 
“. nkCasaApL = Ap D. с Cas tan h (01) 


n = meo) = Ez (А ац Е) 
1 WE iaronn] 


Overall effectiveness factor: -W4 Ар = ОК Caoa Арі, = nkCasaApL 
or: а 


= 
-Wa Ар = kc Ap (Cao - Cas) = «Ар De Cas tan В (04) 


x Cas |! £D. 


wan h(a 

CAS ы шасы —] 

Cao = шаңын) 
ЕТЕТІНІ 


D. ka 
"ARD. annie) кар, | Ка | 
| (aL) 1+ kc tanh Бет 


Р12-9 (р) 
АЭВ 


алт) -WzrL 


t rZrArL-0 


r+Ar 
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dC, 
dr 


EMCD therefore, W, — —D, 


d rdC, 
1 dr .p ФС, -1а4с, 
r dr *5 d rdr 


У 


d'y 14р Ку | 


ай? Аал D, 


AtA-1 landatAz1 ay 
== ‚у= апа а = 1, — 
ад 


|| 
© 


Bessel Function Solution 


(n) P12-10 (a) 
(о) EMCD W,--D—— , та =-К 


In-Out + Gen = 0 


WA Acl, - МАА, д, rAAZA, =0 


2+47, 


C; =0 
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0 


y-l 


Integrating equation (1) 
кї)? 


P12-10 (b) 
(p Now let's find what value of А that y = 0 for different $9. 


For фр =1 : 071-1? -1|-1+2 -1 
22-0 
Therefore the concentration is zero (1.е., y = 0) ай 
3-0 
For $5 =16 : 0=1+ [2 -1]- 141622 -16 
2-15 = 0.938 
16 
Seems okay, but let's look further and calculate the concentration ratio y at A = 0 for фо = 4. 
у-1-16)02) -1 1+ 16[0.04 -1]=-14.9 


Negative concentration. 


(д Р12-10 (c) 

(r) Let's try again with Фо = 10 
у=1+ (10) [0.12 -1]- 1-10? (0.99) 
у =1–99 = –99 not possible 


| y will be negative for any value of фу greater than one. в 
Р12-10 (а) 
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(8) We now need to resolve the problem with the fact that there is a critical value of A, Ac, for which both у = 0 


dy 


880 1327 
Фү 
-20%-0 

FE 6 

dy 

-202A4 C 

FU фо 1 

у-Ф 2 САС, 


АА =], у =] 
12 024 C44 C; 
0-%22. + Се + C5 


Subtracting 
1706 - 692 + Ci(1- Ac) 
Solving for Сү 


EE ES 
Solving for C2 


4L C CX) 


116 
д 6 C8) 


242 + 15 ides 29%) | 2 


RP 32 
At A =Ас "m 29% с tad 
0 = 696 -200c — @—Ф) 


Ас =208 – COED) DE 1405 +405 = 405 _ METH 
200 


4 

TES 200 200 
1 
= ЖЭ 
б< Фо 


у= фо 
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Sketch of concentration profile for different values of фо 
фо = 1 then A, = 0 
фо = 2 then A, = 0.5 


That is for фо = 2, the concentration of A is zero half way (A = 0.5) through the slab. 


1 
1-Ас Do 


0 
у= 0° + [oo 901+ Ac) ] 1-96 - [9 - 906. + Ac)| 
= 602? + [oo - 66 – 6 + o J +1– 95 - 209 +200 


y = 657? +20001 фо) +1–2Ф +60 
For À > Ас 


P12-10 (e) 


лдаа. | ЦАА 
o ТА 02% ) ТАМУ Аз, +0 7, 


-тдАс42 Ї -тд Ас42 


-ra -0 for ze «z«L 


Р12-10 (f) 
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1.0 


0.001 


1.0 Фу 


Р12-10 (5) No solution will be given 
P12-10 (h) No solution will be given 
P12-10 (i) Individualized solution 
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Given: second-order decomposition reaction: A — B 2C 

k = 50 шеје sec mol; др = 04сш: U = 3пу5; T = 250°C = 523*K ; 
P = 500 КР, = 4.936 am; X = 0.80; D, = 2.66 x 10 3 mYs; Eb = 04; 
рь = 2x 10° g/m? ; Sa = 400 mg. 


Сл = -В- = 4 = 0.115 5109! 
ЕТ (0.082 il 523 °K 1 
gmol °K 


Rate law: -rÀ = КС? 
Mole balance: 


dC d . 
Dis ge US +тдрв = 0 


42 СА _ q 4СА 2 
ав 22” О-О 5аАрвСА = 0 


Neglecting axial diffusion with respect to forced axial convection, we have: 
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се bxc ) 


Internal effective factor: Тш (-2-/” 4. wheren z2 


= A PB Cao 
$2 R 4/ е та 


$2 = 02х10 2 m 


[ое |0 ще (2х 106 -£ lo. 115 Smo 


g s mol 


2.66 x 10-3 m* | 


$2 = 2.63 х 107 very large 


= = -8 
5 УН 


Internal-diffusion limited: О =n = 9313 x 10-8 
Reactor length: 


i 3 m/s L——- 1) 
-8 6.8 2 g moi 
(9313 x 103)2 x 10 59 «ош? (15 e 
= 2.80 x 10 За 
Р12-12 (а) 


12-20 


Start with the mole balance taken on a shell 


W,,2arl| - W, 2arl | r;p,2zrlAr = 0 


+54 T 


Divide by -2л1Аг and take the limit as Ar approaches zero to get: 


Next find the equation for equimolar counterdiffusion and plug it into the above 


equation: 


44-09) 


-npy-0 


Next differentiate to get the following differential equation: 


dC, 140, Њр5,С, _ 


d? ræ D 


e 


0 


We can then set the following: 


р= 24 4 


do 14р kp.S,R' 
ал Аад Р, 

2 
8 425440. др -0 


Solution: 


p =C, (52) C,K, (ФА) 
Boundary Conditions: 
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Жо kp Pes R? 
Ее 


40 = ФС! 1 (Фл)- C.K 1 (Фл) 
1(0)=0 
K,(0) =% 
ар! 
0 = 
88-21 Л —>0=> С, =0 


І = С(,(Ф)-» а s 1,(®) 
_ 1,(Ф2) 
—. Ь@) 


Ф 


1 d( 2 a) 
——|rD,—2|-r- 2 
r? sfr 5 dr à 0) 


Dividing Бу АНрх and using Equation (2) to substitute for —rA 


ает) ар, А-д 
~AHp, dr dr/ r^dr dr 


d| 4d k,T = 
а] [se 


Integrating 
24 қт 
Y —| -a 
dr| D, (AHR, ) 


СА 


C, =0 because T & C must be finite. 
LAT шс, 

D, (-AHg,) 
r-R СА = Cas апа T = Т; 


СА + 
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KT с + 


Cpe 2 
А  D,CAHg,) D,AHg, 


r= Ciao, -C4)+ Ts 
т=Т, at Ca, =0 


лн» D.C 
Ты = H+ ан 


P12-13 (b) No solution will be given 


P12-15 (a) 
Cas 
CA, |! 
А = 
B => 
2-0 д OL 


| 
Given: А <> В оп the walls of a cylindrical catalyst роге. 
zı = length of poisoned section 


-TA =k СА 
In the poisoned section: 
л ^ - 
Wa та 1, - Wa nrl ,-«rAPAz-0 
Бог0 < 2521, гд = 0, since this area is poisoned. 


WA itr" |, - Warr. = 0 or E = 0 


Wa = - CDan А + ХА (Wa + Wa) 
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a 


But Wa = -Wh , since, for each mole of A consumed, one mole of A is reacted. 


dX. 
Wa = - Срда ДА and 4 (cras Ža Ka) = 0 or f EA = 0 


Atz=0, Ca = XasC = Cas 
Atz = 2), Ca = ХА! = Cai 
Integrating: Xai = Kı z+Kz 


Atz=0, ХА = Саз. K = Sas 


C Cai - C 
at z= Zi, ХА = Ха = SAL ELE = k = с" 


= СА = Car-Cas саз 
ХА = С Cz ээс 


= (Cai - Cas) (&) + Cas 


The flux is Wa = -C Das А = -Das SEA =A (Cai - Cas) 


P12-15 (b) 


tan = ји2 
Before poisoning, т = ho where | = фу = Ци 
9: грав 


After poisoning, the differential equation and boundary conditions аге the same for the 
unpoisoning region of the pore, 21 < z < L if z is replaced by L - z; and if we let 
СА = Сај2:2 = О апа са =0а: 2 =1.- 21. then, for ће unpoisoned section of the 
catalyst pore п applies if ф is replaced Бу: 
tan h| 1 (1-2) 
2k" ү? 
L-z] = (1- £)9.ie. п = | L| 
к e(t t) 
The effectiveness factor for the unpoisoned section of catalyst pore is defined as : 
МА = nzr(L-z)Ca 


This can be related to the overall effectiveness factor for the entire pore by 
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МЈА = t xrLCas = аге Ca 


· WCas = п CA (1 - 52) 


But Wa = - BAB (Ca - Cas) from part (a) 


+ Са = См. 


"WE Е Nu МА 
- П'СА$ nf Е [Cas Рав ] 
Bu Warr? = n'2rrL Cas К" 


' = пј1- 20 Ом n) 
n "(1 ul rDapL 


то-и 


зоо Ca 
2. 52). «1-0 


MEE ET) 
91 "E 
tanh (os (1-2) 
eee ens [e(t 8) 

P12-16 
The reaction is A ГА 
б = 1-1 = -1; є = улоб = -0.5 

- = È = ____%2аш 1, 92£mol 
036 СА = Бур 0.082 1 апп (227 +273 К) o2 5 


gmol°K 


Ca = 


В И 
БАРА радо Бл) РА + Fao 
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1 21,1ЁВаА 
УА 2 2 Fa 
Fa YA 2 Fao 2.1 2-уд 
YA 

Fa YA _ 2-2уд 
Х = 1- = 

Fao 2-УА  2-ya 
· = FaoX У = 4х 405 = 160g = 0.16К 
т = k CË 


ја (-гд) = in ko +œ la СА 
Ге М = а (-4); Ag = inko; Ај = а; andN = ас 


2 М = А+ А М (1) 
È Mi Aot A È Ni 2) 


n n 
Умм- У N+A YNZ O 
i i i 


Ета УА X С 57 M N N? MN 
1 021 0.88 4285x107? 55 1705 -3.150 9923 -5.371 
2 0.33 0.80 6.666 х 10 2 10 2.303 -2.708 7.333 .6236 
4 0.40 0.75 8x10 7 18.75 2.931 -2.526 6.381 -7.404 
6 0.57 0.60 1.143x10* 225 3.114 -2.169 4704 -6.754 
11 0.70 046 1403х101 31.625 3.454 -1.964 3.857 -6.784 
20 0.81 032 1.619х10 1 40 3.689 -1.821 3.315 -6.717 


У = 17196 -14.338 35513 -39.266 
Equations (2) and (3) become: 
17.196 


-39.266 


! 


6Ag - 14.338 A; 


-14.338 Ag + 35.513 A; 


12-26 


~ Ag = 636 = Inky > 


Ај = 146 = 15 = а 


kg = 578.25 


At Ті = 237C = 510K: кү = A 
e 
г: = Fax 2 2- 20.097) _ 
[A = = where X 72-0097 0.9490 


a: = (9)(0.9490) 
i 0.16 


= Pao = 
Cao RT 


К: = —53.38_ 

(0.019)! 5 
“== БН 
2.035 х 10* = 578.25 ex | 


Е = 755x 105 — 
g mol 


P12-16 (b) 


0.082(510) 


с, = 9.196 (1 - 0.9490) 
А “T=0.5(0.9490) 


= 53.38 = К, сг where: 


5 0.196 £79. 


E g mol 
= 0.019 Шей 


= 2.035 x 10% 


E (J/mole) | _1_. 55) 
8.314 1500 510 


Neve = 2Парр-1 = 2(1.5)-1 = 2: second order 


P12-16 (c) 


а ръ Gao | 
фу = кү 020 = 


x 105—1. 
mol 


(1 x 10-2} (2.035 х 104) 49 (2.3 x 105) 0.196 


0.23 x 10+ 
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ф2 = 1.40 x 106 


я = (2% " = [2 1575 = 175x105 


1.40 x 106 


P12-16 (d) 


To make the catalyst more effective, we should use a smaller diameter. 


P12-16 (e) 
Cos 0.01 ETOL, = 527C = 800K 


k 


u 


к = 2.19x 1022 


Е/1 10. ү» 
ko exp | E (+ 1) 578.25 exp | 


8-4 


яд = КС/Ў = 2.19 x 1032 (0.01)15 = 2.19 x 1029 £ mole 
. ls 


: dy 

Multiply by 2 y У 

plyby2y == 

dy d Е) 2 n4 dy 

9) ©) 9Y | 2,557 

Улу. ах\ад/ Y 2 
Manipulating the L.H.S. 

5) вау 


dA dA. dÀ d}? 


yas СА: eg yen MY a0 theefore Ci 20 
Сло ал 
Taking the derivative of y and evaluating at À =1 


БЕРШІ 41202 
z n+l 
А] ed 


у 
dA 


Ё п+1 
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The effectiveness factor is 
dC, 


2 
nR [p А 
т=К 


СТ: зав! 


In dimensionless form 


ЧА. у 

n — AEL 

фа 
А = VÀ, differentiating gives 
dy À gy + 
Ф. ах 
at À-1 
ЧА dA 


CDP12-A 


а 


CDP12-B (а) 34 ed. 12-19 (а) 
CDP12.B (b) 3“ ed. 12-19 (b) 
CDP12.B (c) 3“ ed. 12-19 (с) 


р. 


CDP12-C (а) 3" ed. 12-20 (a) 
CDP12-C (b) 3 ed. 12-20 (b) 
CDP12-C (c) 3 ed. 12-20 (с) 
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CDP12-D (a) 3" ed. 12-21 (а) 
CDP12-D (а) 3" ed. 12-21 (b) 
CDP12-D (a) Individualized solution 


CDP12-E 2™ ed. 11-18 
CDP12-F 27 ed. 11-19 


CDP12-G 2™ ed. 11-20 


CDP12-H 274 ed. 11-21 


CDP12-I 27 ed. 11-22 


ip eS 


CDP12-J (a) 2™ ed. 12-7 (a) 
CDP12-J (b) 2™ ed. 12-7 (b) 
CDP12-J (c) 2" ed. 12-7 (c) 
CDP12-J (d) 2™ ed. 12-7 (d) 
CDP12-J (е) 2 ed. 12-7 (e) 


e eea RR —- ү ———— M —— MM À— 


CDP12-K 27 ed. 12-9 


CDP12-L (a) 2™ ed. 12-8 (a) 
CDP12-L (b) 27? ed. 12-8 (b) 
CDP12-L (c) 2™ ed. 12-8 (c) 
CDP12-L (а) 2" ed. 12-8 (d) 


CDP12-M (a) 3" ed. CDP12-L (a) 
CDP12-M (b) 3? ed. CDP12-L (b) 
CDP12-M (c) 
CDP12-M (d) 
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CDP12-N 3" ed. CDP12-M 
CDP12-O 
CDP12-P 
CDP12-Q 


CDP12-R (a) 3" ed. CDP12-Q (a) 
CDP12-R (b) 3 ed. CDP12-Q (b) 


CDP12-S 


——————————————————————— JO On à fü 


CDP12-T 


CDP12-U 
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Solutions for Chapter 13 – Distributions of Residence Times 
for Chemical Reactors 


P13-1 wo solution will be given. 


P13-2 (a) 


The area of a triangle (h=0.044, b=5) can approximate the area of the tail :0.11 


БҮ ішіп?) 


P13-2 (b) 


—[ = 5 
© (4) 
: 
юк |» | cm 
(6) 


13-1 


P13-2 (с) 


0 t<T, 


For a PFR/CSTR Series — E(t)=4 (сэл 


13-2 


] Мети] 


1] Пети: 


P13-2 (d) 
X-0.75 


For a PFR first order reaction: 


Ра = i 5 -10(4)-1.39 where Da = Кт 


For а CSTR first order reaction: 


Ра = БЭ —1=3 where Да = kt 


Fora LFR first order reaction: 
Solving iteratively Hilder approximate formula with an initial value 
Da? (i.e. Dappr<Da°< Расетв). 


Da exp 22) + Da 
0.75 = ———————— where Da = Кт 
| Ра 
4 + Ра ЕЗ + Ра 


Da-2.58 


The ratio of the Damkóhler numbers is equal to the ratios of the sizes. 


V V 
Relative sizes: ——=— = 0.46, К = 0.86 ; 
CSTR CSTR 


P13-2 (e) 


For а РЕК, т=5.15тіп, first order, liquid phase, irreversible reaction with k=0.1 min”. 


X =1-e™ =0.402 


13-3 


For а CSTR, t=5.15min, first order, liquid phase, irreversible reaction with k=0.1 min”. 


шд 
kr 
Хақ 


0.385 _ 0.402 0.340 


Page 851, only the RTD is necessary to calculate the conversion for a first-order reaction in any type of reactor. Not 
good when the RTD has a long tail that is difficult to interpret or interpolate. 


P13-2 (f) 


Decrease of 10 іп temperature 
See Polymath program P13-2-f.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 2.0Е+04 2.0Е+04 
Храх 0 0 0.6023837 0.6023837 
k 0.0025446 0.0025446 0.0025446 0.0025446 
Cao 0.75 0.75 0.75 0.75 

X 0 0 0.9744692 0.9744692 
tau 1000 1000 1000 1000 

ti 500 500 500 500 

E2 5.0Е+10 6.25E-08 5.0Е+10 6.25E-08 
E 0 0 0.0023564 6.25Е-08 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = X*E 


Explicit equations as entered by the user 
[1] Kz.00493*exp(13300/1.9872*(1/323.15-1/313.15)) 
[2] Сао=.75 
[3] X = k'Cao*t/(1-k*Cao"*t) 
[4] tau = 1000 
[5] t1-tau/2 


[6] E2 = Таџ 72/2/( 3+.00001) 
[7] E= if (t<t1) then (0) else (E2) 
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0.42 
" Xbar 


0 4000 8000, 12000 16000 20000 


The decrease of 10°C in temperature has the effect of reducing the mean conversion by 14%. 


Decrease in reaction order from 2" to pseudo 1" 
See Polymath program P 13-2-f-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


t 0 0 

Xbar 0 0 

k 0.004 0.004 
Cao 0.75 0.75 

Х 0 0 

сам 1000 1000 

t1 500 500 

E2 5.0Е-10 6.25E-08 
E 0 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(Xbar)/d(t) = X*E 

Explicit equations as entered by the user 

111 К= 0.004 

2] Сао = .75 

31 X= t-exp(-k't) 

[4] tau = 1000 

51 И =tau/2 

6] E2 = tau^2/2/(t^3+.00001) 


Е=ї 


then (0) else (E2) 


maximal value 


2.0E+04 
0.9391084 
0.004 
0.75 

1 

1000 

500 
5.0Е-10 
0.0024915 
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final value 


2.0E+04 
0.9391084 
0.004 
0.75 

1 

1000 

500 
6.25Е-08 
6.25Е-08 


ЕВЕ ЗЕ NEE OAEI lib ЕСЕН 


1.0 


0.8 


0.6 


0.4 


0.2 


оо 4000 8000, 12000 16000 20000 


The decrease in reaction order from 2™ to pseudo 1" has the effect of increasing the exit conversion by 20%. The 
smaller the dependency of the rate оп C4 means that when Сл is below 1 mol/dm’ then the rate of consumption of A is 


larger and hence resulting in a larger conversion. 


Exothermic reaction in adiabatic reactor: 
See Polymath program P13-2-f-3.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

Храк 0 0 

X 0 0 

T 323.15 323.15 
Cao 0.75 0.75 

tau 1000 1000 

ti 500 500 

E2 5.0Е+10 6.299E-08 
E 0 0 

k 0.01 0.01 


ODE Report (STIFF) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = X*E 
(21 d(X)/d(t) = k'(1-X) 


Explicit equations as entered by the user 
[1] Ta 323.154500*X 
[2] Сао = 75 
[3] tau = 1000 
[4] И = tau/2 
[5] E2 = tau^2/2/(t^34-.00001) 
[6] E= if (t«t1) then (0) else (E2) 
[7] k = 0.01*exp(8000/1.9872*(1/323.15-1/T)) 


2.0Е+04 
0.999375 
1 

823.15 
0.75 

1000 

500 
5.0Е+10 
0.0022142 
19.337202 
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final value 


2.0E+04 
0.999375 
1 

823.15 
0.75 

1000 

500 
6.299E-08 
6.299E-08 
19.337202 


0 4000 8000, 12000 16000 20000 


The mean conversion Xbar, the integral, is estimated to be 99.9%. The reaction is adiabatic and exothermic as the 
temperature increases to a maximum of 1373.15 K once the batch conversion within the globules has reached 100% 
which occurs after only — 4 seconds. Hence, the adiabatic increase in temperature considerably increases the rate at 
which conversions increases with time and hence also the final value. 


P13-2 (g) 
For a РЕВ, t=40min, second order, liquid phase, irreversible reaction with k=0.01 dm? /mol-min''. 
КТС 
= =0.76 
1+ КС „о 


For a CSTR, t=40min, second order, liquid phase, irreversible reaction with k=0.01 dm? /mol-min”. 


X с, > X =0.58 


@-х) 


Maximum Mixedness Model and Segregation model are given in E13-7 


Maximum Mixedness Model 
See Polymath program P13-2-g.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 200 200 

х 0 0 0.5938635 0.5632738 
сао 8 8 8 8 

k 0.01 0.01 0.01 0.01 

lam 200 0 200 0 

ca 8 3.2490705 8 3.4938093 
Е1 0.1635984 0.0028734 0.1635984 0.028004 

Е2 2.25E-04 2.25E-04 0.015011 0.015011 

F1 5.6333387 0 5.6333387 0 

F2 0.9970002 0.381769 0.9970002 0.381769 

ra -0.64 -0.64 -0.1055646 -0.122067 

E 2.25E-04 2.25E-04 0.028004 0.028004 

F 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220689 0.075005 0.028004 


ODE Report (RKF45) 


Differential equations as entered by the user 
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[1] %%/42) = -(га/сао+Е/(1-Р)*х) 


Explicit equations as entered by the user 
[1] cao -8 
[2] k=.01 
[3] lam = 200-z 
[4] са = сао*(1-х) 
[5] E1-4.44658e-10*lam^4-1.1802e-7*lam^34-1.353586-5*lam^2-.000865652*lam4.028004 
[6] E2 --2.64e-9*lam^34-1.3618e-6*lam^2-.00024069*lam4-.01501 1 
[7] F1 «4.44658e-10/5*lam^5-1.1802e-7/4*lam^4--1.35358e-5/3*lam^8-.000865652/2*lam^2--.028004*lam 
[8] F2 = -(-9.30769е-8Чат/ 3+5.02846е-5 Чат 2-.00941 Чат-+.618231-1) 
[9] га = -К*са^2 
[10] E= #(јат<=70) then (E1) else (22) 
[11] F = if (lam<=70) then (F1) else (F2) 
[121 EF = E/(1-F) 


0.60 


P13-2 (h) 
Liquid phase, first order, Maximum Mixedness model 
Rate Law: — r4 = КС where Кү = C,,k = 0.08min'! 

Ca = Cho (1 zi X) 


ТА 
A = ex 
fa ки -х) 


ах _ Е(А 
з —k(l- X)+ E 
dX 4 

dz а xj 


See Polymath program P13-2-h-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2. 0 200 200 

х 0 0 0.7829342 0.7463946 
сао 8 8 8 8 

k 0.08 0.08 0.08 0.08 

lam 200 0 200 0 

ca 8 1.7365447 8 2.0288435 
Е1 0.1635984 0.0028731 0.1635984 0.028004 
Е2 2.25Е-04 2.25E-04 0.015011 0.015011 
F1 5.6333387 0 5.6333387 0 

Е2 0.9970002 0.381769 0.9970002 0.381769 
ка -0.64 -0.64 -0.1389236 -0.1623075 
E 2.25E-04 2.25E-04 0.028004 0.028004 
F 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220691 0.075005 0.028004 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(x)/d(z) = -(га/сао+Е/(1-Р)*х) 


Explicit equations as entered by the user 

[1] cao = 8 

21 К= 0.08 

[3] lam = 200-2 

[4] са = сао*(1-х) 

5} E1-4.44658e-10*lam^4-1.1802e-7*lam^341.35358e-5*lam^2-.000865652*lam--.028004 
[6] E2 = -2.64е-9*ат^3+1.3618е-6*ат^2-.00024069*ат+.015011 

171 F1 = 4.44658e-10/5*lam^5-1.1802e-7/4*lam^4--1.35358e-5/3*lam^3-.000865652/2*lam^2-4.028004*lam 
[8] F2=-(-9.30769e-8*lam43+5.02846e-5*lam“2-.0094 1 *lam+.618231-1) 

[9] га = -К*са 

10] E = if (lam<=70) then (E1) else (22) 

11] F = if (lam<=70) then (F1) else (F2) 

121 EF = E/(1-F) 


0.80 


0.64 


0.48 


0.32 


016 


0.00 Р : Е. 
0 49 80 1 120 160 200 


At = 200, i.e. À = 0 (exit), conversion X = 75 %. 

The decrease in reaction order from 2" to 1* has the effect of increasing the exit conversion by 19%. Once the 
concentration of A drops below 1 mol/dm? then the rate of consumption of A does not fall as rapidly (as the 2™ order 
reaction) and hence resulting in a larger conversion. 


Liquid phase, third order, Maximum Mixedness model 


Rate Law: — TA = kC,° 
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A =-K'C,,7(1- XJ Where k'C4,” = k = 0.08min^ 


— = AL Х 
dA С, 1-F(A) 

ах 2 з Е) 
—=е С, (-х}-- X 
dz “ ) 1-Е(4) 


See Polymath program P13-2-h-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


1 


final value 


z 0 0 200 

x 0 0 0.4867311 
сао 8 8 8 

k 0.08 0.08 0.08 

lam 200 0 200 

ca 8 4.1061501 8 

Е1 0.1635984 0.0028733 0.1635984 
Е2 2.25E-04 2.25E-04 0.015011 
F1 5.6333387 0 5.6333387 
Е2 0.9970002 0.381769 0.9970002 
Е 2.25Е-04 2.25Е-04 0.028004 
Е 0.9970002 0 0.9970002 
EF 0.075005 0.0220689 0.075005 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(x)/d(z) = -(-k*(1-x)43+E/(1-F)*x) 


Explicit equations as entered by the user 
[1] cao=8 

[2] k=0.08 

[3] lam = 200-z 

[4] ca=cao*(1-x) 


6] E2 = -2.64e-9*lam‘*3+1.3618e-6*lam/2-.00024069*lam+.01501 1 
9] E= if (lam<=70) then (E1) else (22) 


[10] F = if (lam<=70) then (F1) else (F2) 
[11] ЕР =E/(1-F) 


At > = 200, i.e. A = 0 (exit), conversion X = 46.1 %. 


200 
0.4614308 


.08 

.3085534 
. 028004 
. 015011 


.381769 
.028004 


оооооооњоовс 


.028004 


5] E1-z4.44658e-10*lam^4-1.1802e-7*lam^841.35358e-5*lam^2-.000865652"*lam-4.028004 


[7] F1 = 4.44658e-10/5*lam^o-1.18026e-7/4*lam^4--1.353586-5/3*lam^3-.000865652/2*lam^2--.028004*lam 
[8] F2 = -(-9.30769e-8*lam’3+5.02846e-5*lam“2-.00941*lam+.618231-1) 


The increase in reaction order from 2nd to 3rd has the effect of decreasing the exit conversion by 10%. Once the 
concentration of A drops below 1 mol/dm! then the rate falls rapidly and СА is not consumed so quickly, resulting in a 


smaller conversion. 


Liquid phase, half order, Maximum Mixedness model 


Rate Law: – Га = КС 
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C, = Coll E X) 


TA 


АО 


ах 


ах 


ах _ т, , EA) 
dà С, 1-F(A) 


oom орех 
dz Ао ( ) 


X 


m ON LE ( = P dus 


и: ЕИ) 
1- F(A) 


See Polymath program P13-2-h-3. pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value 
2 0 

х 0 

сао 8 

k 0.08 

lam 200 

ca 8 

Ei 0.1635984 
E2 2.25E-04 
F1 5.6333387 
F2 0.9970002 
E 2.25E-04 
F 0.9970002 
EF 0.075005 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(xyd(z) = -(-k*(1-x).5)E/(1-F)*x) 


осомоосомооосососоосоос 


Where k = Сд, 2 = 0.08 тіп” 


minimal value 


maximal value 


1 


final value 


.08 

„532148 
.002873 
.25E-04 


.381769 
.25E-04 


‚0220677 


Explicit equations as entered by the user 


[1] 
[2] 
31 
41 
51 
[6] 
[7] 
81 
91 


сао=8 

К = 0.08 

јат = 200-2 
са = сао*(1-х) 


200 


0. 


8 


0. 


9334778 


08 


200 


8 


0.1635984 
0.015011 
5.6333387 
0. 
0 
0 
0 


9970002 


.028004 
.9970002 
„075005 


200 


0. 


осососооооосоосоос о 


9038179 


.08 
.7694568 
„028004 
.015011 


.381769 
.028004 


.028004 


E1 = 4.44658e-10*lam^4-1.1802e-7*lam^34-1.353586e-5*lam^2-.000865652*lam-4-.028004 


Е? = -2.64e-9*lam^341.3618e-6*lam^2-.00024069"lam4-.01501 1 


F1 = 4.44658e-10/5*lam^5-1.1802e-7/4*lam^4--1.353586-5/3*lam^3-.000865652/2"lam^2--.028004*lam 
F2 = -(-9.30769e-8*lam^8--5.02846e-5*lam^2-.00941*lam-.618231-1) 
E = if (lam<=70) then (E1) else (E2) 


10] F = if (lam<=70) then (F1) else (F2) 
11] EF = E/(1-F) 
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1.9 


0.8 


0.6 


9.4 


0.2 


0.0 
0 40 80 120 160 200 


At z = 200, i.e. A = 0 (exit), conversion X = 90 %. 

The decrease in reaction order from 279 to % has the effect of increasing the exit conversion by 34%. The smaller the 
dependency of the rate on C4 means that when C4 falls below 1 mol/dm then the rate of consumption of A does not fall 
as rapidly ( as the 214 order reaction) and hence resulting in a larger conversion. 


P13-2 (i) 
Assymetric RTD: 
See Polymath program Р13-2-1-1.ро! 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 2.52 2.52 

ca 1 0.0228578 1 0.0228578 
cb 1 0.2840909 1 0.2840909 
сс 0 0 0.3992785 0.3992785 
cabar 0 0 0.1513598 0.1513306 
cbbar 0 0 0.4543234 0.4539723 
ccbar 0 0 0.3570959 0.3566073 
cd 0 0 0.3178411 0.2612331 
ce 0 0 0.3166306 0.3166306 
cdbar 0 0 0.3029636 0.3026417 
cebar 0 0 0.1782569 0.1778722 
T 350 350 350 350 

ki 1 1 1 1 

k2 + | 1 1 

Е1 -0.004 -27.414373 0.958793 -27.414373 
E2 -27.402 -27.402 0,9557439 -0.0272502 
кс 1 0.0064937 1 0.0064937 
ЕЗ 1 1 1 1 

га -2 -2 -0.0293515 -0.0293515 
re 0 0 0.1762951 0.0742139 
Е -0.004 -0.0272502 0.958793 -0.0272502 
rb =1 -1 -0.0807076 -0.0807076 
Scd 0 0 1.5284379 1.5284379 
Sde 0 0 42.398031 0.8250406 
rd 1 -0.0522659 1 -0.0513561 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(cayd(t) = ra 
[2] d(cbyd(t) = rb 
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€——————À— e 


3] «(ссуай) = rc 
[4] d(cabar)/d(t) = са*Е 
[5] d(cbbaryd(t) = cb*E 
[6] d(ccbar)/d(t) = cc*E 
71 d(cd)/d(t) = rd 
81 d(ce)/d(t) = re 
91 d(cdbaryd(t) = cd*E 
101 d(cebar)/d(t) = се*Е 


Explicit equations as entered by the user 

[1] T2 350 

21 К1 = exp((5000/1.987)*(1/350-1/T)) 

[3] k2- exp((1000/1.987)*(1/350-1/T)) 

41 E1 --2.104*t^44-4.167*t^8-1.596*t^2--0.353*t-0.004 
51 E2 = -2.104*tM+17.037*t^3-50.247*t^2+62.964*t-27.402 
61 rc = k1*ca*cb 

71 k3 = exp((9000/1.987)*(1/350-1/T)) 

8] ra=-k1*ca*cb-k2*ca 

91 ге = k3*cb*cd 

10] E = if(t<=1.26)then(E1)else(E2) 

11] rb =-k1*ca*cb-k3*cb*cd 

121 Scd = cc/(cd+.000000001) 

13] Sde = cd/(ce+.000000000001) 

14] rd = k2*ca-k3*cb*cd 


If the temperature is raised, the conversion of A increases. The selectivity Sea increases with temperature and Зак 


decreases with increasing temperature 


Bimodal RTD 
See Polymath program P13-2-i-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


"2 0 0 6 

са 1 0.2660482 1 

ср 1 0.5350642 1 

се 0 0 0.2872257 
F 0.99 -0.0033987 0.99 

cd 0 0 0.2692177 
се 0 0 0.1929233 
сро 1 1 1 

сао 1 T 1 

cco 0 0 0 

сао 0 0 0 

сео 0 0 0 

lam 6 0 6 

T 350 350 350 

k2 i ji 1 

ki 1 1 1 

rc 1 0.1424065 1 

k3 1 1 1 

EL 346.34561 0.1019474 346.34561 
Е2 6737.4446 0.0742397 6737.4446 
ЕЗ 0.00911 0.0061156 1.84445 
re 0 0 0.1694414 
ra -2 -2 -0.4084547 
rb -1 -1 -0.28635 

E 0.00911 0.0061156 0.6288984 
EF 0.911 0.2083818 1.8694436 
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final value 


БРОРБОООООЉООООООТЋ 


0. 


.2660482 
.5352659 
.2745726 
.0033987 
.2692177 
.1901615 


сл 
о 


1424065 


20909 


925.46463 


1. 
0. 
-0. 
-0. 
0. 
0. 


84445 
144103 
4084547 
2865096 
20909 
2083818 


rd T 0.1219452 1 0.1219452 
Scd 0 0 1.0856272 1.0198908 
Sde 0 0 17.698981 1.4157321 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(ca)/d(z) = -(-га+(са-сао)*ЕР) 
[2] d(cbyd(z) = -(-rb+(cb-cbo)*EF) 
(31 d(cc)/d(z) = -(-rc+(cc-cco)*EF) 
[4] d(F)/d(z) = -E 
151 d(cd)/d(z) = -(-rd+(cd-cdo)*EF) 
161 d(ce)/d(z) = -(-re+(ce-ceo)*EF) 


Explicit equations as entered by the user 
[1] cbo- 1 
[2] cao = 1 
[3] ссо=0 
[4] сдо=0 
[5] ceo=0 
[6] ат = 6-2 
[7] T2 350 
[8] К2 = exp((1000/1.987)*(1/350-1/T)) 
[9] k1 = ехр((5000/1 .987)*(1/350-1/Т)) 
[10] гс = kt*ca*cb 
[11] КЗ = exp((9000/1.987)*(1/350-1/T)) 
[12] E1-20.47219*lam^4-1.30733*lam^34-0.31723*lam^24-0.85688*lam--0.20909 
[13] E2 = 3.83999*lam^6-58.16185*lam^54-366.2097*lam^4-1224.66963*lam^3--2289.84857*lam^2- 
2265.62125*lam4925.46463 
[14] ES = 0.00410*lam^4-0.07593*lam^84-0.52276*lam^2-1.59457*lam-- 1.84445 
[15] ге = k3*cb*cd 
[16] ra=-k1*ca*cb-k2*ca 
[17] rb =-k1*ca*cb-k3*cb*cd 
[18] E-if(lam«-1.82)then(Et)else(if(lam«-2.8)then(E2)else(E3)) 
[19] ЕР= E/(t-F) 
[20] rd =k2*ca-k3*cb*cd 
[21] Sed = cc/(cd+.0000000001) 
[22] Sde = cd/(ce+.0000000001) 


If the temperature is raised, the conversion of A increases. The selectivity За increases with temperature and Sas 
decreases with increasing temperature 


P13-2 (j) 
Exothermic Reaction: E=45Kj/mol 
See Polymath program P13-2-j- 1.pol 


POLYMA TH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


z 0 0 200 200 

x 0 0 0.9628524 0.9579239 
cao 8 8 8 8 

T 320 320 464.4279 463.68858 
lam 200 0 200 0 

ca 8 0.2971785 8 0.3366089 
Е1 0.1635984 0.0028744 0.1635984 0.028004 
E2 2.25E-04 2.25E-04 0.015011 0.015011 
Fi 5.6333387 0 5.6333387 0 

Е2 0.9970002 0.381769 0.9970002 0.381769 


k 0.01 0.01 1.924805 1.8893687 
E 2.25E-04 2.25E-04 0.028004 0.028004 
F 0.9970002 0 0.9970002 0 

EF 0.075005 0.0220681 0.075005 0.028004 
ra -0.64 -0.8227063 -0.1699892 -0.2140759 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
11 d(xyd(z) = -(га/сао+Е/(1-Р)*х) 


m 


xplicit equations as entered by the user 
1] сао=8 
T = 320+150*x 
јат = 200-2 
| са = cao'(1-x) 
E1 = 4.44658e-10*lam^4-1.1802e-7*lam^34-1.35358e-5*lam^2-.000865652*lam-«.028004 
E2 = -2.64e-9*lam^834-1.3618e-6*lam^2-.00024069*lam-4.01501 1 
F1 = 4.44658e-10/5*lam^5-1.18026e-7/4*lam^M--1.353586e-5/3"lam^8-.000865652/2*lam^2-- .028004*lam 
F2 = -(-9.30769е-8Чат/3--5.02846е-5“ат/2-.00941Чат--.618231-1) 
] k = .01*ехр(45000/8.314*(1/320-1/Т)) 
10] E = if (lam<=70) then (E1) else (22) 
11] F = if (lam<=70) then (F1) else (F2) 
[12] ЕР= E/(1-F) 
[13] га = -К*са^2 


№ 


iO. 


о 00-1 OY Ul із Ww 
cR а асаа, 


0 40 80 | , 120 160 200 


Endothermic Reaction: E-45Kj/mol 
See Polymath program P13-2-j- I. pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 200 200 

х 0 0 0.3017158 0.2860515 
сао 8 8 8 8 

т 320 289.82835 320 291.39485 
lam 200 0 200 0 

ca 8 5.5862683 8 5.7115879 
Е1 0.1635984 0.0028739 0.1635984 0.028004 
Е2 2.25Е-04 2.25Е-04 0.015011 0.015011 
Е1 5.6333387 0 5.6333387 0 
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hj Bi Ww 
[5] 


EF 
ra 


0.9970002 0.381769 0.9970002 0.381769 
0.01 0.0017191 0.01 0.0019006 
2.25Е-04 2.25Е-04 0.028004 0.028004 
0.9970002 0 0.9970002 0 
0.075005 0.0220679 0.075005 0.028004 
-0.64 -0.64 -0.0536459 -0.0620023 


ODE Report (RKF45) 


Differ 
111 


(11 
[2] 
[3] 
[4] 
5] 
[6] 
[7] 
8] 

[9] 

[10] 
11] 


[12] 
[13] 


ential equations as entered by the user 
d(x)/d(z) = -(ra/cao+E/(1-F)*x) 


Explicit equations as entered by the user 


сао = 8 
Т = 320-100*х 
јат = 200-2 
са = cao*(1-x) 
E1 = 4.44658e-10*lam^4-1.1802e-7*lam^3--1.35358e-5*lam^2-.000865652"lam4-.028004 
22 = -2.64e-9*lam^84-1.3618e-6*lam^2-.00024069*lam4-.01501 1 
F1 = 4.446586-10/5*lam^5-1.1802e-7/4*lam^4--1.35358e-5/8*lam^8-.000865652/2*lam^24-.028004*lam 
F2 = -(-9.30769e-8*lam^3--5.02846e-5*lam^2-.00941*lam4.618231 -1) 
К = .01*ехр(45000/8.314*(1/320-1/Т)) 
E = if (lam<=70) then (E1) else (22) 


F = if (lam«z70) then (F1) else (F2) 
EF = E/(1-F) 
ra = -К*са^2 


P13-2 (k) 


Base c 


ase: 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 
[3] 


Explic 
[1] 
[2] 
[3] 
[4] 
[5] 


[6] 


d(Ca)/d(t) = ra/vo 
d(Cb)/d(t) = rb/vo 
d(Cc)/d(t) = rc/vo 


it equations as entered by the user 
мо = 10 

К1=1 

k2=1 

tau = 1.26 

ra = -k1*Ca 

гс = К2*СЬ 
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панк ша па re шад 


[7] Cao=1 
[8] х= 1-Са/Сао 
[9] rb = k1*Ca-k2*Cb 


К,/К,-1 К,/К,-0.5 
0.284 0.080 0.284 


[PFR 22-22 
| : 
Gast op аралас 2222-2108 — — — 


See Polymath program P13-2-k-2.pol 


PFR 


e 


.716 


POLYMATH Results 

NLES Solution 
Variable Value £ (x) __ Ini Guess 
ca 0.4424779 4.704Е-10 1 
ср 0.2466912 -3.531Е-10 0 
сс 0.3108309 0 0 
сао 1 
сац 1.26 
cbo 0 
ссо 0 
к1 1 
кг 1 
ra -0.4424779 
rc 0.2466912 
rb 0.1957867 


NLES Report (safenewt) 


Nonlinear equations 

11 Кса) = cao+ra*tau-ca = 0 
[2] f(cb) = cbo+rb*tau-cb = 0 
3] Кос) = cco+rc*tau-cc = 0 


Explicit equations 
1] cao=1 
[2] tau = 1.26 
3] cho=0 
4] ссо=0 
5] К1=1 
[61 К2 =" 
[7] га=-куса 
1 гес = k2*cb 
91 rb =k1*ca-k2*cb 


See Polymath program P13-2-k-3 pol 


POLYMATH Results 
Calculated values of the DEQ variables 
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Variable initial value minimal value maximal value 


t 0 0 2.52 

ca 1 0.0804596 1 

cb 0 0 0.3678466 
сс 0 0 0.7167822 
cabar 0 0 0.3050655 
cbbar 0 0 0.3350218 
ccbar 0 0 0.3476989 
k1 1 1 1 

k2 1 1 1 

сао 1 1 1 

Е1 -0.004 -27.462382 0.9523809 
E2 -27.402 -27.402 0.9568359 
ra -1 -1 -0.0804596 
rc 0 0 0.3678269 
x 0 0 0.9195404 
rb 1 -0.1353314 1 

E -0.004 -0.0272502 0.9568359 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] 
[2] 
[3] 
[4] 
[5] 
[6] 


d(ca)/d(t) = ra 
d(cb)/d(t) = rb 
d(cc)/d(t) = rc 
d(cabar)/d(t) = ca*E 
d(cbbar)/d(t) = cb*E 
d(ccbar)/d(t) = cc*E 


Explicit equations as entered by the user 
111 
121 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] E=if(t<=1.26)then(E1)else(E2) 


ki=1 

k2=1 

cao = 1 

E1 = -2.104*t^4--4.164*t^8-1.596*t^240.353*t-0.004 

E2 = -2.104*t^4--17.037*t^3-50.247*^2462.964*t-27.402 
га = -k1*ca 

гс = k2*cb 

X = (cao-ca)/cao 

rb = k1*ca-k2*cb 


Asymmetric RTD 


ation Model 


re 


See Polymath program P13-2-k-4.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 7 
ca 1 9.119E-04 1 
cb 0 0 0.3678325 
cc 0 0 0.9927049 
cabar 0 0 0.3879174 
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final value 


.52 
.0804596 
.2027582 
.7167822 
.304964 
.3347693 
.3468313 


РМ ООООООСОЬМОЬЖ 


-27.462382 
-0.0272502 
-0.0804596 

0.2027582 

0.9195404 
-0.1222986 
-0.0272502 


final value 


7 
9.119Е-04 
0.0063832 
0,9927049 
0.3879174 


cbbar 0 0 0.2782572 
ccbar 0 0 0.3271713 
k1 1 i 1 

k2 1 1. 1 

сао 1 1 1 

Е1 0.20909 0.1017293 707.06552 
E2 925.46463 0.074462 3.072Е-04 
"са -1 -1 -9.119Е-04 
rc 0 0 0.3675057 
x 0 0 0.9990881 
кр 1 -0.1353022 1 

E4 0 0 0 

E3 1.84445 0.0061369 1.84445 

E 0.20909 0 0.628067 


ODE Report (RKF45) 


Differential equations as entered by the user 
1j d(cayd(t)- ra 

2j d(cbyd(t) = rb 

3] d(cc)/d(t) = rc 

1 d(cabar)/d(t) = са*Е 

1 d(cbbar)/d(t) = cb*E 

1 d(ccbar)/d(t) = cc*E 


Explicit equations as entered by the user 

1] k121 

(2] k2=1 

[3] cao = 1 

[4] E1 = 0.47219*t^4-1.30733*t^3--0.31723*1^2--0.85688*t4-0.20909 


6] ra = -К1*са 

[7] rc = k2*cb 

[8] х= (сао-са)/сао 

(91 rb =k1*ca-k2*cb 

[10] E4=0 

[11] ЕЗ = 0.00410*tM-0.07593*t^3+0.52276*t^2-1.59457*t+1.84445 


Bimodal RTD 


Са 0.388 0.213 


Maximum 
Mixedness 


Р13-2 (1-г) No solution will be given at this time. 
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0.2782572 

0.3271713 

i 

1 

1 

707.06552 

3.072Е+04 
-9.119Е-04 

0.0063832 

0.9990881 
-0.0054713 


0 
0.09781 
0 


[5] E2 = 3.83999Ч76-58.16185475--366.209704/4-1224.66963Ч72--2289.84857%/2-2265.621254--.925.46463 


12] E-if(t«-1.82)then(E1)else(if(t«-2.8)then(E2)else(if(t«6)then(E3)else(E4))) 


Р13-3 
Equivalency Maximum Mixedness and Segregation model for first order reaction: 


E(A) 


Maximum Mixedness Model: = = КС, + ae (4) (С Vine ОРЕ ) 
22 ас, Ей) С,,Ей) 
: —|К. С,---- 
Rearranging di | + = Pu A "m F(A) 


E(A) dF 
Ло = ier = е4 (1-Е (A) — (1– F(A)) 


gives: 


changing the variables from А to t in the RHS integral: 


C, ей (1- Е(А))= [200220 


Ci 1- F(t) 


АК 
C= Cw TFG) | Eleje” dt (1) 


Exit concentration is when A=0, F(0)=0 hence eqn (1) becomes: 


C, - C,, | E(re "at 


This is the same expression as for the exit concentration for the Segregation model. 
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Р13-4 (а) 


Mean Residence Time 


By definition ЇЕ (t)dt =1. The area of the semicircle representing the E(t) is given by A= козы =1 
0 


2 А 2 | 
T = ,|— . For constant volumetric flow 7,, = 7 —4|— = 0.8min. 
Л V/A 


P13-4 (b) 
Variance 


oo 


тээ [r- 9 Eod = [Ебра –т' 
б 


0 
сө 2T == шшш: 0 
| E(e)at = [r Jc - (t- c dt = –т“ сов? (х)+ 2соз(х)+ isin? (x)dx = Te 
0 0 л 
ө? = M А -ті- сэх 0.159 
8 2л 
Using Polymath: 


See Polymath program P13-4-b pol 


MÀ ——— 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 1.596 1.596 

sigma 0 0 0.1593161 0.1593161 
tau 0.7980869 0.7980869 0.7980869 0.7980869 
ti 1.5961738 1.5961738 1.5961738 1.5961738 
E2 0 0 0.7980614 0.0166534 
E 0 0 0.7980614 0.0166534 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(sigma)/d(t) = (t-tau)^2*E 


Explicit equations as entered by the user 
[1] tau = (2/8.14)^0.5 
[2] И = 2*tau 
[3] E2 = (t*(2*tau-t))(1/2) 
[4] E = (t<t1) then (22) else (0) 
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апа 


020 


0.16 


" sigma 


0.12 


0.08 


0.04 


000 00 — 032 064, 096 128 1.60 


P13-4 (c) 


Conversion predicted by the Segregation model 


X= | X (D E(t)at 
0 


X(nz1-e* 
27 РА 
Х-1- “Р -0-29) а 
0 


See Polymath program Р 13-4-с.ро! 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 1.596 
Xbar 0 0 0.4447565 
tau 0.7980869 0.7980869 0.7980869 
tl 1.5961738 1.5961738 1.5961738 
E2 0 0 0.7980671 
E 0 0 0.7980671 
k 0.8 0.8 0.8 

X 0 0 0.7210716 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = Х*Е 


Explicit equations as entered by the user 
[1] tau = (2/3.14)^0.5 
[2] t1 =2Чаи 
ІЗІ E2 = (t'(2*tau-t)^(1/2) 
[4] E= if (t«t1) then (22) else (0) 
[5] kz.8 
[6] X= 1-exp(-k*t) 
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final value 
.596 

.4447565 
.7980869 


E 
0 
0 
1. 
0 
0 
0 
0 


5961738 


.0166534 
.0166534 
.8 

.7210716 


ПН БЕРН 


02 


0.1 


4 
00 00 0.319 0.638, 0.958 1.277 1.596 


Х =44.5% 


Р13-4 (9) 
Conversion predicted by the Maximum Mixedness model 
dX ғ E(A) 

dà С» 1-Е() 


Salt x) Ux 
K -i-x)- AA x 


See Polymath program P13-4-d pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


2 0 0 1.596 1.596 

х 0 0 0.4445289 0.4445289 
Е 1 -5.053E-04 1 -5.053Е-04 
k 0.8 0.8 0.8 0.8 

lam 1.596 0 1.596 0 

tau 0.7980869 0.7980869 0.7980869 0.7980869 
Ei 0.0166534 0 0.7980666 0 

E 0.0166534 0 0.7980666 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(x)/d(z) = -(-k*(1-x)+E/(1-F)*x) 
2] d(Fyd(z)--E 


'Explicit equations as entered by the user 
1] К=.8 

2] lam = 1.596-z 

3] Чаи = (2/3.14)^0.5 

4] E1 -(tau^2-(lam-tau)^2)^0.5 

5] Е = if (lam«-2"tau) then (E1) else (0) 
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0-0 0.000 0.319 0.638, 0.958 1277 1.596 


X = 44.596 as for the Segregation Model, but we knew this because for first order reactions Xseg = 
Хмм 


Р13-5 (а) 


The cumulative distribution function F(t) is given: 


The real reactor can be modelled as two parallel PFRs: 


The relative E(t) = |е -)+2б@-т›) 


Mean Residence Time 


1 
tn = [ағ = (10 min* 1) + (20 min* 0.75) = 25 min 
0 
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or 


7 1 3 1 3 | 
ід = pea = ты] иа = 25min 


P13-5 (b) 


Variance 


2 


б? = jero 90-90390) а = (а EE Е -4,) = 


= 75min? 


Р13-5 (с) 
For а РЕВ, second order, liquid phase, irreversible reaction with k = 0.1 dm? /mol-min™, т = 25 min and C442 1.25 
mol/dm? 


For a CSTR, second order, liquid phase, irreversible reaction with k — 0.1 dm? /mol-min™, т = 25 min and C4, 1.25 
mol/dm? 


xy = kC o> X = 0.572 


For two parallel PFRs, ті = 10 min and т; = 30 min, Fag, = 1/4Fag and Раб; = 3/4Fao , second order, liquid phase, 
irreversible reaction with k = 0.1 dm? /mol-min™ and Сл, = 1.25 mol/dm? 


[421099 


Ao 7 3 40 — C ,, = 0.556mol | dm? 
1--Кт,С,, 


Са = С 


кт„С 
С, -0.263то/ dm? 


Cose 
„лы АБС, 


vC до Б Ж oye 
DI CS RERUMS с 
vC до 


P13-5 (d) 


1-Conversion predicted by the Segregation Model 
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Х = 


[хоЕ()а = 
0 


1-КС, 14 


0 


1 ІСТІ 3 ИСТ 


и = 0.731 


41+АС от, 41+kC,,7, 


2-Conversion predicted by the Maximum Mixedness model 


dX 


ur 


dX 


em ТА + Е(А) X 
С, 1-F(A) 
ra = КС = С, 1-Х) 
E(A) 
OCC ЕОс Se 
dA soll X) + 1- F(A) 


бы [Lotro Sater) r= 


We need to change the variable such the integration proceeds forward: 


dX 


2__E(T-2) 


=kC,,(1- X) =x 


1- F(T - z) 


See Polymath program P13-5-d.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


0 0 40 

0 0 0.7125177 

0.9999 -1.081E-04 0.9999 

1.25 1.25 1.25 

0.1 0.1 0.1 

40 0 40 

1.25 0.3614311 1.25 

10 10 10 

30 30 30 

0 0 0 
-0.15625 -0.15625 -0.0130632 

1.25 1.25 1.25 

1.25 1.25 1.25 

0 0 1.25 

0 0 2.8604931 


ODE Report (RKF45) 


Differential equations as entered by the user 


[1] 
[2] 


d(x)/d(Z) = -(ra/cao--E/(1-F)*x) 
d(F)/d(z) = -E 


Explicit equations as entered by the user 


[1] 
[2] 
[3] 
[4] 
51 
61 
[7] 
8] 
[9] 


сао = 1.25 

k=.1 

lam = 40-z 

са = cao*(1-x) 

11-10 

12-30 

ЕЗ-0 

ra = -k*ca^2 

E2 = 0.75/(t2*2*(1-0.99)) 


10] E1 = 0.25/(t1*2*(1-0.99)) 
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final value 


40 

0.7061611 
-1.081E-04 

1.25 

0.1 


0 

0.3672986 

10 

30 

0 
-0.0134908 

1.25 

1.25 

0 

0 


MM 


[11] E = if ((lam»-0.99*t1)and(lam«1.01*t1)) then (E1) else( if ((lam»-0.99*t2)and(lam«1.01*t2)) then (E2) else (E3)) 


[12] EF = Е/(1-Е) 


Х,а Хы 
0.731 0.706 0.731 0.758 0.572 
Р13-5 (е) 


Adiabatic Reaction E=10000cal/mol and 7 = 325 – 500X 


Introducing the enthalpy balance: T' = 325 — 500X and the constitutive equation for 
k = Ку; 204500078 314%(17325-0/7)) in the MM model. 


The conversion is drastically reduced. 


P13-5 (f) 


Conversion Predicted by an ideal laminar flow reactor 
For a LFR, second order, liquid phase, irreversible reaction with К = 0.1 dm? /mol-min'!, t = 25 min and Сдо= 1.25 
mol/dm? 


We apply the Segregation model, using Polymath: 
ИС. 0 for t < 12.5 min 


=A? _ ad E(t) = 5 | 
1+ktC,, 625/(2r?)min™ for t 212.5min 
See Polymath program P13-5-e.pol 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 300 300 

xbar 0 0 0.7077852 0.7077852 
cao 1.25 1.25 1.25 1.25 

k 0.1 0.1 0.1 0.1 

сам 25 25 25 25 

Е1 3.125Е-06 1,157Е-05 3.125Е+06 1.157E-05 
t1 12.5 12.5 12.5 12.5 

E 0 0 0.0991813 1.157Е-05 
х 0 0 0.974026 0.974026 


ODE Report (RKF45) 


Differential equations as entered by the user 
1] d(xbar)/d(t) = x'E 


Explicit equations as entered by the user 
11 сао = 1.25 

[2] К=.1 

3j tau = 25 

[4] E1 = tau^2/2/(t^3+0.0001) 

5j И - tau/2 

6] E= if (t<t1) then (0) else (E1) 

7} х= k'cao*t/(1--k"cao'*t) 
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We can compare with the exact analytical formula due to Denbigh. 


Х = 2L = (28 In(1 + 2/ рој = 0.709 with Ра= kCast 


P13-6 (a) 


E(t) 


0.1 


Mean Residence Time 


~ 21,0.2 
By definition [ E(t)dt 21. The area of the triangle representing the E(t) is given by А = => 21 
1 =Smin. 2» 
Ё 
= ift «t, 
f 


E(t) = - Lr -25yft «t X 2, 
f 


0 otherwise 
со t 2 21 2 24 
tn = [еш = dt- e dt Fu =f 
0 0 ћ ti ћ t 1 
P13-6 (b) 
Variance 


e? = ftn) у вода = [РЕ (t)dt –12, 
0 


, 7 7 15:25 
?Е(@й =—1], and 07 =—12 —1] = = == = 4.167 min? 

| 6 6 6 6 

See Polymath program P13-6-b.pol 


POLYMATH Results 
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вв 


Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value 


final value 


t 0 0 
sigma 0 0 
tau 5 5 
t1 10 10 
Е1 0 0 
Е2 0.4 0 
Е 0 0 


ODE Report (RKE45) 


Differential equations as entered by the user 
1] d(sigma)/d(t) = (t-tau)2*E 


п 


xplicit equations as entered by the user 
1] tau=5 

[2] И = 2*tau 

31 E1 = t/tau^2 

41 E2 = -(t-2*tau)/tau^2 


o°=4.167min? 


10 

4.1666667 
5 
10 
0.4 
0.4 
0.1989341 


5] Е = if (t<tau) then (E1) else (if(t<=t1)then(E2)else(0)) 


10 
4.1666667 


ооова 
· о 
~ 


For а PFR, second order, liquid phase, irreversible reaction with КСА, =0.2 min'!,r-5 min 


For a CSTR, second order, liquid phase, irreversible reaction with КСА, =0.2 min? л=5 min 


P13-6 (c) 
ЖЕ ЩЕ 0.5 
1+ktC,, 7 
X 
— = КС, > X = 0.382 
(= xy Ад 
Р13-6 (4) 


1-бергерайоп model 
See Polymath program P13-6-d-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


maximal value 


final value 


t 
Xbar 
к1 

X 
tau 
t1 
El 
Е2 

Е 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbaryd(t) = Х*Е 


№ 
№ 


о 
о 


> 
[] 


осоосн-соосооо 
~ 


ооосо> лоооо 


15 
0.4767547 


6 
„4 
.1978698 
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15 
0,4767547 
0.2 
0.75 
5 
10 
0.6 
-0.2 
0 


Explicit equations as entered by the user 


[1] k1=.2 
121 X=kt*t/(1+k1*t) 
ІЗІ tau- 5 


[41 t1 = 2*tau 

[5] Е1= /tau^2 

[6] E2 = -(t-t1)/tau^2 

[7] Е- (t«tau) then (E1) else(if(t<=t1)then(E2)else(0)) 


0.5 


0.4 


^ Хаг | 


0.3 


0.2 


0.1 


X = 477% 
2-Maximum Mixedness Model 


КС,,-Ю 


See Polymath program P13-6-d-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 20 20 

х 0 0 0.6642538 0.4669205 
Е T -7.513E-06 15 -7.513E-06 
k 0.2 0.2 0.2 0.2 

lam 20 0 20 0 

сац 5 5 5 5 

Е1 0.8 0 0.8 0 

t1 10 10 10 10 

E2 -0.4 -0.4 0.4 0.4 

E 0 0 0.1994823 0 


ODE Report (RKF45) 
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m——— еее 


Differential equations as entered by the user 
11 d(xyd(z) = -(-К*(1-х)^2+Е/(1-Е)*х) 
21 d(Fyd(z) = -E 


Explicit equations as entered by the user 

1] К-02 

21 lam = 20-2 

3j tau- 5 

4] E1-lam/tau^2 

5] t1-2"tau 

6] Е2 = -(lam-tt)/tau^2 

71 Е = if (lam«tau) then (E1) else(if (lam<=t1) then(E2)else (0)) 


X = 46.796 


P13-6 (e) 

Laminar Flow Reactor 

For a LFR, 2nd order, liq. phase, irreversible reaction КСА, =0.2 min л=5 min. 
We apply the segregation model, using Polymath: 


йс 4 EQ) 0 for t « 2.5 min 
- ап 1) = 
25/(2t?) тіп! for t > 2.5 пп 


1+ ИС до 
See Polymath program P13-6-e.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 300 300 

xbar 0 0 0.4506243 0.4506243 
kcao 0.2 0.2 0.2 0.2 

tau 5 5 5 5 

Е1 1.25Е+05 4.63E-07 1.25Е+05 4.63E-07 
ti 2.5 2-5 2.5 2:5 

E 0 0 0.0549822 4.63E-07 
x 0 0 0.9836066 0.9836066 


ODE Report (RKF45) 


Differential equations as entered by the user 
1] d(xbaryd(t) = ХЕ 


Explicit equations as entered by the user 
1] Ксао = 0.2 

2] tau- 5 

3] E1 = tau42/2/(t43+0.0001) 

4] tt =tau/2 

5] E= if (t<t1) then (0) else (E1) 

[6] х= kcao*t/(1+kcao’*t) 


We can compare with the exact analytical formula due to Denbigh. 


Х = рај = (=) In(14 2/ 2 = 0.451 with Ра= КСлот 
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RM 


Хим Ха Хсєтк 
0.451 0.467 0.382 
Р13-7 
Irreversible Liquid phase, half order, Segregation model. 
Mean conversion X — [x (t )E (r)at =0.1 (1) 


Assume a Gaussian distribution for E(t): 


1 (r-«y 1 (-5) 
Elt) =—— |= ер TE AA 
(ғ) me 2g? | e 2.32 
1/2 
ах = p E — (1 - xy and C,,=1 mol/dm? 
dt C 


The only unknown k1 is estimated solving with a trial and error method Еда). 


Using POLYMATH: К; = 0.0205 то! јат 8 


| 


Р13-8 (а) 
The E(t) is a square pulse 


Third order liquid-phase reaction: rA — КСА? with CA, = 2mol/dm? and К = 0.3 dm*/mol?/min ( Isothermal Operation) 
1-Conversions 


Segregation Model 


Х()-1- : 


(рас, 21) 


2 L 
њи А 1 NT ESI 
Х= [хода = 1-—===——=—[ш= | -У——4°_— =053 
0 1l 42kC t +1 1 KC ло 


See Polymath program P13-8-a-1.pol 
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POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
t 2 
Xbar 
k 
Cao 
tl 
E2 
E 
X 


ODE Report (ЁКЕ45) 


Differential equations as entered by the user 
11 d(Xbar)/d(t) = Х*Е 


Explicit equations as entered by the user - ЕЗІ 


1] k=.3 

2] Сао=2 

3] 1121 

[4] Е2=1 

[5] E= (t>=t1) then (22) else (0) 
6] Х = 1-1/(1+2*К*Сао^2*1)^(1/2) 


.5296583 
.3 


.5296583 
43 


оон мо ооо 
оњ нынын мю су сом 


0 
0 
2 
1 
1 
1 
0 


оонньооо 


.5847726 


.5847726 


2-Maximum Mixedness Model 


r, = СА = Сл, 1-Х) 


ах 


at act е 
dz 


1- F(T – z) 
See Polymath program P13-8-a-2.pol 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 2 2 

х 0 0 0.5215389 0.5215389 
Е 0.9999 -9.999Е-05 0.9999 -9.999E-05 
cao 2 2 2 2 

k 0:3 0.3 0.3 0.3 

lam 2 0 2 0 

са 2 0.9569223 2 0.9569223 
Е1 1 1 1 1 

га -2.4 -2.4 -0.2628762 -0.2628762 
t2 2 2 2 2 

t1 1 1 1 1 

Е 1 0 1 0 

ЕЕ 1.0Е+04 0 1.0Е+04 0 
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eee 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xyd(z) = -(га/сао+Е/(1-Р)*х) 
2] d(Fyd(z)--E 


Explicit equations as entered by the user 
[1] сао= 2 

[2] k=.3 

31 јат = 2-2 

4] са = сао*(1-х) 

5] Е1= 

[6] га = -к*са^З 

7] t2=2 

8] Н=1 

[9] E= if ((lam>=t1)and(lam<=t2)) then (E1) else(0) 
[10] EF = E/(1-F) 


The conversion shows an inflection point in correspondence of z = 1, where start the pulse 


P13-8 (b) 
Introducing in the Segregated Model and in the MM Model : 
k = ku eO0000 073007177) 

7 300 


See Polymath program P13-8-b-1.pol and P13-8-b-2.pol 


The discrepancy is greatest at 300K 


P13-8 (c) 
Adiabatic Reaction 
Introducing the enthalpy balance: 


-АН 
Tp. „САНију =305+ 7 Х 


Увс 


See Polymath program P13-8-c. pol 


РОГУМАТН Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 
t 5 

Xbar 
ko 
tl 
E2 
t2 


- 8949502 


- 8948702 - 8948702 - 8948702 


оммьервосооос 
оммвиьоосоос 


0 
0 
1 
1 
2 
2 
1 


k 7.6864651 7.6864651 7.6864651 
To 305 305 305 
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final value 


5 
.8949502 
.8948702 


0 
0 
1 
1 
2 
2 
0 


7.6864651 
305 


X 0 0 0.9430621 0.9430621 
T 305 305 1059.4497 1059.4497 


1100 


ODE Report (RKF45) 


Differential equations as entered by the user 940 
11 d(Xbar)/d(t) = Х*Е 


Explicit equations as entered by the user 780 | 
11 Ко = 0.3*ехр(20000*(1/300-1/305)) i 

[2] 11=1 

[3] Е2-1 

[4] t2=2 

5] Бан -2 m^ | 

[6] E = (=й) and (t«-t2)) then (22) else (0) | 

[7] k= ko*exp(20000*(1/300-1/310)) 

[8] То = 305 300 - 

[9] X= 1-1/(142*k*Cao^2*t)^.5 

[10] T = То+800"Х 


Р13-9 (а) 
3" order, k=175 ат (то тіп), Cg,20.0313 dm'/min 


(LFR, РЕВ, CSTR with t=100s) 


PFR 
dX 

D C =kC, Ce 
esign equation V,C,, dv 
С, =С„ - X) 
C, 2 C4(1- X) 
jm ae eV 
24-Х) а 
Ж ах 2V 
See 
lix B y 

1 2V 
———— = 2kCp, —+1 
(-ху Во у 


1 


Using the quadratic solution X = 1 — ———————— 
y 

(1 ORC," == 
12 


The conversion for a РЕК Х=83.2% 


-1-0.168 = 0.832 
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CSTR 

Design equation v, [e eC ) =-r,V 
г = ЕСС, 

C, = СА (1 z Х) 

Су = Ср @ ш Х) 


С = Ca 
Cy, 


=X 


X = КС» (1- xy 
У 


The conversion for а CSTR X=66.2 96 
LFR (completely segregated) 
E(t)-0 for t<t/2 


=° p? Юг [>= 72 
t=V/v=1000/10=100s=1.67min 


X= | (t)E(t)dt 


ах 
= С (1- X) 


— 
Where X (r) -1— M 
вм 1+2kC,, t 


See Polymath program P13-9-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


final value 


t 1.0E-05 1.0E-05 100 

xbar 0 0 0.1827616 
cbo 0.0313 0.0313 0.0313 

k 175 175 175 

tau 1.67 1.67 1.67 

Е1 1.394Е+15 1.403Е- 06 1.394Е-15 
х 1.714Е-06 1.714E-06 0.8315008 
E 0 0 0.1480215 


ODE Report (ККЕ45) 


Differential equations as entered by the user 
[1] d(xbaryd(t) = ХЕ 


Explicit equations as entered by the user 
[1] сбо = 0.0313 
[2] К-175 
[3] tau = 1.67 
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100 
0.1827616 
0.0313 
175 

1.67 
1.403Е-06 
0.8315008 
1.403E-06 


n 


[4] E1 = tau^2/(2*^3) 
[5] xz 1-(1/(1+2*k*cbo^2*t))^0.5 
[6] Е = if(t»-tau/2) then (E1) else (0) 


The integral X — [x (t )E (а gives mean conversion=18% 
0 


P13-9 (b) 
(Segregation Model and Maximum Mixedness Model applying RTD of Example 13-1) 


Segregation model 


ам, 
dt 


=-r,V 


Batch reactor N,=N,, (1 -Х ) 


ах 
= КС,С,У 


Х = [x (t )E (t ја: and E(t) from the given data, fitted using Polymath 
0 
See Polymath program P13-9-b-regression.pol 


POLYMATH Results 
Polynomial Regression Report 


Model: C02 = а1*С01 + а2*С01^2 + a3*CO1^8 + a4*C0144 


Variable _Value 95% confidence 
al 0.0889237 0.0424295 
a2 -0.0157181 0.0163712 
a3 7.926E-04 0.0019617 
a4 -8.63E-06 7.288Е-05 
Сепега! 


Order of polynomial = 4 
Regression not including free parameter 
Number of observations = 13 
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Statistics 


R42 = 0.8653673 
R^2adj = 0.8204897 
Rmsd = 0.0065707 
Мапапсе = 8.107E-04 


See Polymath program P13-9-b-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

xbar 0 0 

F 0 0 

cbo 0.0313 0.0313 
k 175 175 

x 0 0 

E 0 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = E*x 
121 d(Fyd(t) -E 


Explicit equations as entered by the user 
[1] cbo = 0.0313 
[2] К= 175 
[3] х= t-(1/(142*k*cbo^2"t))^0.5 


14 
0.4106313 
1.1137842 
0.0313 
175 
0.5847898 
0.1566631 


(41 Е = 0.0899237*t-0.0157181*t^2--0.000792*t^3-0.00000863"t^4 


0.5 


0.4 


0.3 


0.2 


0.1 


К =41%. 


Maximum Mixedness 


dX _ A 4 Е(А) 
dA Cao 1-F(A) 


Rate Law :— r, = ЁС,С, 
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final value 


14 
0.4106313 
1.1137842 
0.0313 
175 
0.5847898 
0.0199021 


ВЕ ВЕНЕ ЗЕНОН ЗЕЕ НЕЗНАНИЕ 
T 


С, =С„(-Х) 


r, = КСС "s (1 -Х y where k=175 dm‘/mol* min 


A АС -XF 
Ao 
e --Е (z) where 214-%, 
dz 


С, -С,(1-Х) 


See Polymath program P13-9-b-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
2 0 0 14 14 

X 0 0 0.3536026 0.3536026 
F 0.9999 -0.1138842 0.9999 -0.1138842 
Cbo 0.0313 0.0313 0.0313 0.0313 

k 175 175 175 175 

lam 14 0 14 0 

Сао 0.0313 0.0313 0.0313 0.0313 

Са 0.0313 0.0202322 0.0313 0.0202322 
Е 0.0199021 0 0.156664 0 

ЕЕ 199.0212 0 199.0212 0 

Cb 0.0313 0.0202322 0.0313 0.0202322 
ra -0.0053663 -0.0053663 -0.0014493 -0.0014493 


ODE Report (RKF45) 


Differential equations as entered by the user 
(11 d(X)/d(z) = -(ra/Cao+E/(1-F)*X) 
[2] d(F)/d(z) = -Е 


Explicit equations as entered by the user 
[1] Cbo = .0313 
[2] К= 175 
ІЗІ lam = 14-2 
[4] Сао = .0313 
[5] Са = Сао*(1-Х) 


[6] Е = 0.0899237*lam-0.0157181*lam^2--0.000792"lam^8-0.00000863*lam^4 


[7] EF = E/(1-F) 
181 Ср = Сро'(1-Х) 
[9] га = -k*Ca*Cb^2 


Х=35.4% 


Р13-9 (с) 


Exit time(t), internal age(a) and life expectancyA 
[etra = ғ()= aro -80) 


where E(t) is obtained from the polynomial fit in Part (b). 
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i(e)- У Fe) 


Intensity Function A( A) = 


P13-9 (d) 


Adiabatic reaction 


Segregation model 


ах 2 3 
— = kC}, 1-Х 
dt Bo ( ) 


Where k(T) = Ко exp zz; = 1) = 175exp 30000 ЕТ 
То Т 


4 


R 


and T(K) = То + Е 
Ср, 


ј = 320 +150Х 


Х = | X ( ЈЕ (t Jat and E(t) from the given data. 
0 
See Polymath program Р 13-9-4-1.ро! 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 
t 


8.314 


0 0 14 

xbar 0 0 0.7585435 
F 0 0 1.1137842 
x 0 0 0.8973303 
cbo 0.0313 0.0313 0.0313 

T 320 320 454.59954 
E 0 0 0.1565966 
k 175 175 4931.8727 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbaryd(t) = E*x 
[2] d(Fy/q(t) = E 
ІЗІ d(xyd(t) = k*cbo^2*(1-x)^3 


Explicit equations as entered by the user 
[1] cbo = 0.0313 
[2] T2 320+-150*х 


ІЗІ E = 0.0899237*t-0.0157181*t^2--0.000792*t^3-0.00000863*t^4 


[4] К = 175*exp(30000/8.314*(1/320-1/T)) 


X =76% 


Maximum Mixedness Model 
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final value 


14 
0.7585435 
1.1137842 
0.8973303 
0.0313 
454.59954 
0.0199021 
4931.8727 


lA e cp (јео 
Са 
where k(T)- koexp E 11 = 175ехр з 
| R\To T 8.314 (320 Т 
and T(K)=To+ тайы X =320+150X 
РА 


See Polymath program P13-9-d-2.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 14 14 

Х 0 0 0.7189248 0.7189248 
Е 0.9999 -0.1138842 0.9999 -0.1138842 
Cbo 0.0313 0.0313 0.0313 0.0313 

T 320 320 427.83873 427.83873 
lam 14 0 14 0 

Cao 0.0313 0.0313 0.0313 0.0313 

Ca 0.0313 0.0087977 0.0313 0.0087977 
E 0.0199021 0 0.1566233 0 

EF 199.0212 0 199.0212 0 

Cb 0.0313 0.0087977 0.0313 0.0087977 
k 175 175 3001.8809 3001.8809 
ra -0.0053663 -0.007411 -0.0020441 -0.0020441 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(Xyd(z) = -(ra/Cao«E/(1-F)*X) 
21 d(Fyd(z) = -E 


Explicit equations as entered by the user 

1] Cbo = .0313 

21 Т= 320+150*Х 

31 lam = 14-2 

4] Сао = .0313 

51 Са = Сао*(1-Х) 

[6] E = 0.0899237*lam-0.0157181"*lam^2--0.000792"lam^3-0.00000863*lam^4 
7) EF =E/(1-F) 

8] Cb = Сро'(1-Х) 

9] k= 175*exp(30000/8.314*(1/320-1/T)) 
10] та = -К*Са*СЬ^2 


13-41 


0.80 


0.64 


0.48 


9.32 


0.16 


0.00 


0.0 2.8 5.6 3 8.4 112 14.0 


gives Х=72% 


If the reaction is carried ош adiabatically the conversions are more than doubled. 


P13-10 


Irreversible, first order, long tubular reactor, constant volume, isothermal 


=-r, 
dX 
= kC, (1-X 
Еж ау Cot ) 
(Atle 
Xz1-e" 


For X = 0.865 => kt = 2.0 


For laminar flow with negligible diffusion (LFR), the mean conversion is given by: 


Х = |х (а = [ХО (t)at 


71/2 
X (+) -і-е” 
2 
T 
E(t) for laminar flow = —7 where t 2— 
2t 2 
2 9 kt 
ES T e 
Therefore Х = fi l-e к Ia -1---- cdi 
7/2 2 ті2 


We can apply the approximated solution due to Hilder: 
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05Da Ж 
X= (4+ Раје >“ + Da-4 = 0.782 


B (4 + Ра” + Ра 
where Da=kt=2 


X 20.782 < X prg = 0.85 


тен иштемо 


P13-11 (а) 


First Moment about the mean: by definition is always equal to zero. 


m = (Эа = еа - e [etra = 2-2 =0 


Тісетр “Тірек = Ühppg = 0 


P13-11 (b) 
Second-order liquid-phase reaction Da= 1kC4,21.0,7-2min and kC4,70.5min". 
CSTR 
Fao 2 Ед = ЗҮҮ 
Ба Еа БА 
vo dE 
(- ТА is 
V C-C 
Liquid-phase 7 = — = =o A 
Vo — ТА ) 


Second-order — r4 = КС 2 ара 7 = Cio Са = = 2—2 
КСА КС 4, (1 -X ) 


Solved 
(L+2Da)-V1+4Da 


SSS = 0.382 
2Da 


von, 6 


0 7A 


Second-order 
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(-Х) 


X 
dX 
V=F,, = where C = Cao Uy ex) 


0 A 
Liquid-phase £ = 0 and integrating 


T= 1 ЕЗБЕ Pa =0.5 
КС, LI- X 1+ Da 


LFR 


In the ring globule of radius r 


4С, : 
—— =r, Where — r, = КС 
4 А ете А А 


ktC 
=— 4o (2order batch) 


 1*AC,, 
0 for t < 1min 
E(t) = 


CE . (E(t) LER ) 
4/(2t^)min fort 21min 


PEL. 2 го 2 го кс Y 
X= [x £e = КС, [——2— ғас, ее нан dt = 
: 2 „(Со ју 2 ЖАН (асы) т 
2 
2 со 
UT ary op In Eu ds = Da i- De ( 1527 d 
275124 Эр” 2 V Dal2 


Evaluate for Da=1, X = 0.451 


See Polymath program P13-11-b.pol 


, КС, 
-r = 
(i + КАСА | 
The criteria 
д? -r 
—^ > 0 Х».>Хмм 
А 
9^-r 
A =0 Xseg= XMM 
ac, 
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2o, 
д? —r, 


« 0 Х, “Хум 
әс, 


The following figure shows the reaction rate as function of the concentration. 
* 


0.01 


0.005 


eme 


MM а HOC: REESE 
0 
The second derivative is initially 2&gative (Х 9.4), then И ііуе (Х,.„> лм). The flex point is for C4-8mol/dm? 
(Xseg=XMM). Са 


In the limit of low concentration 
-ra = КСА + о(С А | (First order) апа Х„=Хмм 


in the limit of high concentration 


1 
ез 22” t o eA (Reaction order=-1) and X,» Xmm 
К, C, (СА 


Р13-14 (а) 
Liquid phase, Segregation Model, second order, non-ideal CSTR, adiabatic: 


Ха [х (r, T )E(t)dt = 0.67 


E(r) = SUE and fe (t)dt = Img min/ ат? 
| сеш ° 


E(t)-IF (t<=1) THEN (t) ELSE (ТЕ (t>=2) THEN (0) ELSE (2-0) 


dX 
For a batch globule: Сд, a ет, 
Ї 
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————————— à 


н = СА 


Ca =Cao(l-X) 
dX 2 
—=ЕС, (1-Х 
ф PN ) 


Where C,,=2 mol/dm? 


аа - 1) 


83141300 Т 


-АН,Х 
T =То+ — 57 — 
С,, + ACpX 


Where С, = > 8С, = C,, +0 = 50/1 /то!. К 
АСр =1/2C,, - C,, -100/2-50-0 


Т-300-150Х 
Iterate with Ea, using the ODE solver for values of X(t,T) and substitute these into the polynomial regression to evaluate 


the integral X = [Х(@,Т)Е(@)ш = 0.67 
0 


An activation energy Ea of 10000 J/mol gives approximately the correct mean conversion, X =0.67. Inaccuracy lies in 
the polynomial fit and hence the integral area. 


See Polymath program P13-14-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 3 3 

xbar 0 0 0.6673438 0,6673438 
х 0 0 0.9198721 0.9198721 
сао 2 2 2 2 

т 300 300 437.98082 437.98082 
Е1 0 0 3 3 

E2 2 -1 2 -1 

E 0 0 0.9933851 0 

Ea 1.25Е+04 1.25Е+04 1.25Е+04 1.25Е+04 
к 0.5 0.5 2.4247011 2.4247011 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = E*x 
(21 d(xyd(t) = К*сао*((1-х)^2) 


Explicit equations as entered by the user 


[1] cao «2 
(21 T = 300+150*х 
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[5] E = if (t<=1) then (E1) else (if (£222) then (0) else (E2)) 
[6] Ea = 12500 
(71 К= 0.5*exp(Ea/8.314*((1/300)-(1/T))) 


P13-14 (b) 
Parallel reactions, isothermal, segregation model 
Batch globules 
dC 2 
P» = гд та traz = КАСА 7 Кос САСв 

ас 2 
= fg = —rj + Tj? = КАСА — КосСАСв 
ас 

С = ке = р, = Ко САС 

ф C A2 2С~А~В 
Exit concentrations 
dC Abar 
L = C Elt 

a = САВО) 
dC вьа 
at = CRE 

Bie = СЕ) 
аСсы 
—=. = ССЕЏ 

ы = CE) 


E(O-IF (t<=1) THEN (t) ELSE (ТЕ (t>=2) THEN (0) ELSE (2-0) 
Ca 
Selectivity S = 8“ = 2.38 
Cbar 


Iteration with Кос until S = 2.38 gives koc = 0.3755 dm? /mol min 
See Polymath program P13-14-b.pol 


P13-15 
Reactor: fluidised CSTR (V21m?; F=10dm’/s, Се =2 Kmol/m?) 


т = 1000dm?s/10dm? = 100s 


The system of complex reactions for the Kentucky coal п.9 is given by 


асс 
== ое Ке 
ат 1-Р 27A 


gen. =k Ce +k,C, AC, 
dT | 
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dC, 


= С. EC, К.С, - SC, 


P13-15 (a) 


Segregation Model 
See Polymath program P13-15-a.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 

са 0 0 

ср 0 0 

сс 2000 1383.5708 
cabar 0 0 

cpbar 0 0 

ccbar 2000 2000 

co 0 0 

cobar 0 0 

ki 0.012 0.012 

k2 0.046 0.046 

k3 0.02 0.02 

k4 0.034 0.034 

k5 0.04 0.04 

re 0 -49.695094 
ra 92 10.804749 
rp 24 24 

tau 1.667 1.667 

ro 0 0 

Е 0.59988 3.695Е-06 
Spo 2.4Е+08 0.9280349 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(cayd(t) = ra 

21 d(cp)/d(t) = rp 

131 d(cc)/d(t) = rc 

41 d(cabar)/d(t) = ca*E 

[5] d(cpbar)/d(t) = cp*E 

[6] d(ccbar)/d(t) = cc*E 

[7] d(co)d(t) = ro 

8] d(cobar)/d(t) = co*E 


Explicit equations as entered by the user 
[1] k1 = 0.012 

[2] k2 = 0.046 

[3] КЗ = 0.020 

[4] КА = 0.034 

5] КБ = 0.04 

6] гс = -К1*ср-К2*са 

[7] га = К2*сс+КЗ*ср-К4*са-К5*са 
[8] гр = К1*сс+К4*са-КЗ*ср 

[9] Чаи = 1.667 

[10] то=К5*са 

[11] E=exp(-t/tau)/Aau 


900.42918 
689.61265 
2000 
137.10239 
46.011527 
3988.5578 
466.78696 
.1391124 
.012 


oooooow 
о 
~ 


92 
37.542445 
1.667 
36.017167 
0.59988 
2.4Е+08 
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final value 


900.42918 
689.61265 
1383.5708 
137.10239 
46.011527 
3988.5578 
466.78696 
.1391124 
.012 


осоооосоодо 
о 
№ 


.04 
-49.695094 
10.804749 
33.425188 
1.667 
36.017167 
3.695Е-06 
0.9280349 


[12] Spo = rp/(ro+0.0000001) 


The exiting selectivity is 0.928 


P13-15 (b) 
Maximum Mixedness model 
See Polymath program P13-15-b.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value 


2 0 0 

Са 0 0 

Ср 0 0 

Сс 2000 1463.3111 
Со 0 0 

Е 1 6.149Е-06 
ki 0.012 0.012 

k2 0.046 0.046 

k3 0.02 0.02 

k4 0.034 0.034 

k5 0.04 0.04 

re 0 -47.836902 
ra 92 15.190162 
rp 24 24 

tau 1.667 1.667 

ro 0 0 

Е 0.59988 3.695Е-06 
Spo 2.4Е-08 0.9906544 
ЕР 5.999Е-07 3.695Е-06 
sigma 3 3 

Cao 0 0 

Cpo 0 0 

Cco 2000 2000 

Coo 0 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
11 d(Ca)/d(z) = -(-га+(Са-Сао)"ЕР) 

2] d(Cpy/d(z) = -(-гр+(Ср-Сро)*ЕР) 

131 d(Coyd(2) = -(-rc+(Cc-Cco)*EF) 

[41 d(Co)/d(z) = -(-ro+(Co-Coo)*EF) 

51 d(Fyd(z) = -Е 


Explicit equations as entered by the user 
1} kt = 0.012 

[2] К2 = 0.046 

31 КЗ = 0.020 

41 k4=0.034 

5} k5=0.04 

6] гс = -К1*Ср-К2*Са 

7j га = К2*Сс+КкЗ*Ср-К4*Са-К5*Са 
8] гр =k1*Cc+k4*Ca-k3*Cp 

9j tau = 1.667 

10] го = К5*Са 

11] E=exp(-z/tau)/tau 

12] Spo = rp/(ro--0.0000001) 

13] EF = E/(1-F) 

[14] sigma = 3 


maximal value 


20 
875.11273 
631.80972 
2000 
408.43732 


.012 
.046 
.02 
.034 
.04 


ососсоооогн 


92 
37.327161 
1.667 
35.004509 
.59988 
.4Е-08 
.999Е-07 


0 
2 
5 
3 
0 
0 
2000 
0 
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final value 


20 

875.11273 

631.80972 

1463.3111 

408.43732 

.149E-06 

.012 

.046 

.02 

.034 

.04 

-47.836902 
15.190162 
34.677371 
1.667 
35.004509 
3.695E-06 
0.9906544 
3.695E-06 


ооооо о 


[15] Сао=0 
[16] Сро=0 
[17] Ссо = 2000 
[18] Соо=0 


Р13-15 (с) 


The selectivities are reported in the following table: 


ХММсстк Хатррк = Xsmcsra 
4.83 | 099 (4174 0.92 


P13-15 (d) 


Normal Distribution with t = Smin and о = 3min 


(t-r? 1 (-5) 


1 
E(t) =———exp| – ёХр|----2-22- 
0) о-/2л Р 2.67 3/27 : 2.3? 


Segregation Model 
See Polymath program P13-15-d-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable 


0 

0 

0 

0 

0 
0.012 
0.046 
0.02 
0.034 
0.04 
0 
9 
2 
3 
0 
5 
2 
1 
0 


ODE Report (RKF45) 


Differential equations as entered by the user 


1] 
2] 
[3] 
4] 
5] 
6] 
[7] 
8] 


d(ca)/d(t) = ra 
d(cp)/d(t) = rp 
d(cc)/d(t) = rc 
d(cabar)/d(t) = ca*E 
d(cpbar)/d(t) = cp*E 
d(cebar)/d(t) = cc*E 
d(co)/d(t) = го 
d(cobar)/d(t) = co*E 


initial value 


1991.2989 


.012 
.046 
.02 
.034 
.04 
-8.5350648 
79.947816 
24 
3 
0 
5 
4.1743032 
10 
0.0331675 


осососооооосоосоо 


minimal value maximal value 


2 
171.75027 
52.879376 
2000 
11.116671 
3.2689487 
221.39065 
.0306771. 
.3200147 
. 012 
.046 

.02 

.034 

.04 


оо>ооооооо м 


~ 


28.677508 
3 
6.8700107 
5 

2.4Е+08 
10 
0.0806774 
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осососоосоосос- 


final value 


2 
171.75027 
52.879376 
1991.2989 
11.116671 
3.2689487 
221.39065 
.0306771 
.3200147 
.012 
.046 

.02 

.034 

.04 
.5350648 
79.947816 
28.677508 
3 
6.8700107 
5 
4.1743032 
10 
0.0806774 


Explicit equations as entered by the user 
[1] k1=0.012 

[2] k2 = 0.046 

[3] КЗ = 0.020 

[4] k4=0.034 

5] k5=0.04 

[61 гс = -К1*ср-К2*са 

71 та = К2*сс+КЗ*ср-К4*са-К5*са 

[81 гр = К1*сс+К4*са-КЗ*ср 

[9] sigma = 3 

10] го = К5*са 

[11] tau- 5 

12] Spo = rp/(ro--0.0000001) 

[13] E1 = 1/(tau*2*(1-0.99)) 

[14] Е = exp(-(t-tauy^2/(2*sigma^2))/(sigma*(2*3.14)^0.5) 


Maximum Mixedness Model 
See Polymath program P13-15-d-2.pol 


POLYMATH Results 


POLYMATH Report 08-25-2005, Rev5.1.233 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


2 0 0 2 

Са 0 0 120.77791 
Ср 0 0 35.906087 
Сс 2000 1995.2809 2000 

Со 0 0 3.8182818 
F 1 0.9770814 i 

ki 0.012 0.012 0.012 

k2 0.046 0.046 0.046 

k3 0.02 0.02 0.02 

k4 0.034 0.034 0.034 

k5 0.04 0.04 0.04 

ус 0 -5.986657 0 

ra 92 83.563477 92 

rp 24 24 27.331698 
lam 2 0 2 

ro 0 0 4.8311165 
tau 5 5 5 

Spo 2.4Е-08 5.6574287 2.4Е-08 
sigma 3 3 3 

E 0.0296795 0.0020622 0.0296795 
Cao 0 0 0 

Сро 0 0 0 

Ссо 2000 2000 2000 

Соо 0 0 0 

EF 2.968Е+06 0.089981 2.968Е+06 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(Ca)/d(z) = -(-ra+(Ca-Cao)*EF) 
[2] d(Cp)/d(z) = -(-rp+(Cp-Cpo)*EF) 
131 d(Coyd(z) = -(-re«(Cc-Cco)*EF) 
[4] d(Co)/d(z) = -(-ro+(Co-Coo)*EF) 
[51 d(Fyd(z) = -E 
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final value 


2 
120.77791 
35.906087 
1995.2809 
.8182818 
.9770814 
.012 
.046 
.02 
.034 
.04 
-5.986657 
83.563477 
27.331698 
0 
4.8311165 
5 
5.6574287 
3 
0.0020622 
0 
0 
2000 
0 
0.089981 


ооо>»ооом 


t nn 


Explicit equations as entered by ће user 
(11 k12 0.012 

[21 k2 = 0.046 

[3] КЗ = 0.020 

[4] k4 = 0.034 

[5] k5=0.04 

[6] rc = -k1*Cp-k2*Ca 

[7] га = k2*Cc«k3*Cp-k4*Ca-k5*Ca 
[8] гр=К1*Сс+К4*Са-КЗ*Ср 

[9] lam = 2-2 

[10] го = k5*Ca 

[11] tau=5 

[12] Spo = rp/(ro+0.0000001) 

[13] sigma- 3 

[14] Е = exp(-(lam-tauy 2/(2*sigma))/(sigma*(2*3.14)^0.5) 
[15] Cao=0 

[16] Сро=0 

[17] Ссо = 2000 

[18] Соо=0 

[19] EF = E/(1-F) 


P13-16 


Multiple parallel reactions, isothermal 
E(t)=0.0279693 - 0.0008527 + 1.2778e-5 t? — 1.0661e-7 ё + 4.5747e-10 t* — 7.73108e-13 6 


К1-5.0 m/kmol’min, k2=2.0 m’/kmol.min, КЗ=10 mÜ/kmolmin, k4=5.0 m"/kmol"?^min 


P13-16 (a) 


Segregation model 


ас 
LA нв -kC C3? ме К,С,С, -2 4 c C1? 
dt 3 
d 
«а =-1.256 С „Ср – 0.756, С Ср СС? 
ас, 


US = лете = О С = EC це 


ас 
өті -15kC,C + 1.58,С,С, + СЕС? 


ас, 


= 0.55,С,С, ын S сос,” 


—— -2k,Ce С 
dt ЗС: =B 
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Сасы) Se= carl) 
dCp ас, 
= = Е 
So cB) | B= ceh) 
С, C 
Scp EA SpE "o 


See Polymath program P13-16-a.pol 


Exit concentrations: 

C, =0.026mol / dm? 

С, = 0.008mol / dm? 

Сс = 6.955е – 5mol | dm? 
Cp = 0.036mol / dm? 

C, = 0.012mol / ат? 


C, = 4.156е – 7mol | dm? 


P13-16 (b) 


Maximum Mixedness model 


= СЕ. 
Cc шоо) 
dC, 
— = C, Elt 
Cr. СНО) 
С 
5 = Lt 
EF C; 
Selectivities: 
Scp = 0.00196 
Spg = 3.009 
Sy, = 28433 


Е(0-0.0279693-0.00085272:-12778е-522-1 0661е-7 \2+4.5747е-10 1-7.73108e-13 7 


Апа À-tr-Z where z-t, tj-200min (extent of ЕС). 


ас, ay |t. -C,, m 


and n= - Ё,С,С, - k,C,C, все,” 


and so оп for other species. 


dF (A) =-Е (4) gives F(A) 
dz 


See Polymath program P13-16-b.pol 
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Exit concentrations: Selectivities: 


C, -0.028то1/ dm? S, = 0.0009 
С, = 0.010mol / dm? 5, = 3.004 
С. = 2,927е – 5mol | dm? 5, =1343110 


С, = 0.033mol / dm? 
C, = 0.011mol / dm? 
C, =7.985е – 9mol | dm? 


P13-16 (c) 
Ideal CSTR 

elt 
tm=t and E(t) = 


Mol balances: 


dF 
= = Еа – (– та) where ry = АСС -8,С,С,д -умСес,? 
Едо = CAoYo = 0.05-10 = 0.5mol / min = Ру, 
and so on for the other species. 
F 
C, = Ст, Ћ, — еїс.... 
Cro = Cay + Cpo = 0.05+0.05 = 0.1 


See Polymath program P13-16-c.pol 


Exit concentrations: Selectivities: 

С, = 0.050mol / dm? Scp = 0.068 
С» = 0.049mol / dm? Spg =3.342 
Сс = 5.639е – 5то1/ dm? Spr = 815844 


С; =0.0008то1/ dm? 


С; =0.0002mol / dm? 
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м 


C, = 3.03е - 10mol / dm? 
Ideal PFR 


ш=т and RTD function E (t ) -0 (t - т) 


and so on for other species. 


F 
C, = Ср etc... 
Ет 
Crp = Cap + Cg, = 0.05+0.05 =0.1 


Exit concentrations: 


С, = 3.98е – 9mol | dm? 
C, = 0.0065mol / dm? 
Сс = 0.000277mol / dm? 
С, = 0.068mol / dm? 
C, = 0.0202mol / dm? 


С, -0.0047то1/ dm? 


Segregation Maximum Mixedness 
Sc = 0.00196 ср = 0.0009 
Spg = 3.009 Sp; = 3.004 
Spr = 28433 Sgr =1343110 


Sgp For ће РЕВ is very much smaller than for the others, because Ср is not so small at the exit of ће РЕК іп turn due 
to exit Cc is not so small either. The conversion of Са in the РЕК is virtually complete at the exit of the РЕК, hence 


greater Cc. 


P13-16 (d) 
See Polymath program P13-16-d.pol 


E(t)-IF (t<=10) THEN (0.01) ELSE ( IF(t>=20) THEN ( 0) ELSE ( 02-0.01 t)) 


2 
— = (– rA) Where КА = CIO, -К,С,үС, СС" 


Selectivities: 
CSTR 


PFR 


Scp =0.068 Sep = 0.004 


Spg = 3.342 
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Spy = 3.368 


Spr = 4.286 


ЕЕ 


Segregation Maximum Mixedness CSTR PFR 


Scy = 0.004 5ср = 0.0035 Scn = 0.068 5ср = 0.004 
Spg = 3.109 Spg = 3.106 $рк =3.342 Spg = 3.368 
Spr = 24078 Spr = 41503 Spp =815844 Spr = 4.286 


For the Segregation and Maximum Mixedness models, S gp is much lower than 
for the CSTR but still far greater than for the PFR. The CSTR and PFR values are unchanged as they do not depend on 
E(t). 


ee 
P13-17 
Multiple parallel reactions, isothermal 


Asymmetric RTD: E-IF (t <=1.26) THEN (E1) ELSE (E2) 


El=-2.104t4+4.1670-1.596t?-0.353t-0.004 
Е2=-2.1041*+17.0372-50.2472+62.9641-27.402 


Крг-0.25 dm®/mol? шіп, Кез=0.1 dm?/mol min, Кез=5.0 фи то! min 


Р13-17 (а) 


Segregation model 


dC 
=з = Ер САСв ЗА САСр 


ас, 


E -2k pC 4Cr ш Ка Суве“ 


ас 
E = КАССАСЫ + КЕ САСр — рубу Се“ 


ас 
aE -АрСАС» — 2% gC aCp + Ер Ср Се“ 
ась 
Е оде 
di E2 AC p 
d 
Er = kp3CgCe 
dC, dC, dC, 
— = CAEN — В = СЕ С=С Е 
P AE() dr вЕ() di СсЕ() 
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2 = СЕ) өт -С;Е() 
С, С 
Sep gos Soe “©, 


See Polymath program P13-17-a.pol 


Exit concentrations: 

C, = 0.819mol / dm? 
C, =0.767mol | dm? 
Се = 0.163mol / dm? 
С, = 0.600mol / dm? 
C, = 0.053mol / dm? 


C, -0.199то1/ dm? 


P13-17 (b) 


Maximum Mixedness model 


=C Elt 
СЕ. сын) 
C 
БЕ = 2-6: 
F 
Selectivities: 
Scp = 0.272 
Spy =11.330 
Sgr = 0.267 


As ће RTD is asymmetric we can use the same equations for E(À) as we did for E(t), with: E(Q)=IF (A<=1.26) THEN 


(El) ELSE (E2) 


T 1- F(A) 
ul Е(А 
“а. ын Е КСС" ш 3ke САС») (c, 7 Сло ео 


The same applies to the equations for the other species as in Part (a). 


See Polymath program P13-17-b.pol 


Exit concentrations: 


C, = 0.847 mol / dm? 


Selectivities: 


Scp = 0.281 
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С» = 0.824mol / dm? Spg 107 
Сс = 0.162mol / dm? бер = 0.280 
Cp -0.576то1/ dm? 

Cg = 0.054mol / dm? 

Ср = 0.192mol / ат? 


P13-17 (c) 
Ideal CSTR 


t,-tand E (t) = 


= |-- 2 — 
d уд = у 
and so on for the other species. 


See Polymath program Р13-17-с-1.ро! 


Exit concentrations: Selectivities: 

C, =1.386mol / dm? Scp = 0.832 
С» =1.774mol ат? $рк = 71.100 
Сс = 0.095mol / dm? S gp = 0.198 


Cp -0.114то1/ ат? 
С; = 0.002mol / dm? 


C, -0.008то1/ dm? 
Ideal PFR 


ta=t апа RTD function Ё (t ) e ( -Т ) 
deis. (9 3 Wher Ж 
dV y 


and so on for the other species. | 
| 


i ky Саса Т 28556165) 
у 
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parai 


See Polymath program P13-17-c-2.pol 


Exit concentrations: Selectivities: 

С, =0.310mol / ат? Scp = 0.162 
С, -0.338то1/ dm? Spp = 3.618 
Се = 0.106mol / ат? Spr = 0.497 


С, = 0.652mol | dm? 
C, = 0.180mol / dm? 


Cp = 0.362mol | dm? 


Segregation Maximum Mixedness CSTR PFR 

Sep = 0.272 Scp = 0.281 Sep =0.832 Sop = 0.162 
Spg = 11.330 Spe =10.7 Spe 271.100 Spg =3.618 
Ser = 0.237 Szr = 0.280 бк = 0.198 5,, = 0.497 


S ср is significantly greater than for the others, because exit Cp is lower. 
Similarly S 5, is much greater in the CSTR than for the others, because exit Cg is so low. This is because the achievable 
conversion in a CSTR is not so high. 


mnA—————————————————————————————————— — ——— 


P13-18 (a) 
P13-18 (b) 
P13-18 (c) 
P13-18 (d) 


P13-19 (a) 
External age distribution E(t) 
By plotting C 10? as a function of time, the curve shown is obtained 
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C(t) 


a Se ИЕ oye 


stm ee mm — ene 


0 10 20 30 40 50 60 70 
t[min] 


To obtain the E(t) curve from the C(t) curve, we just divide C(t) by the integral 


[coa - | C(t)dt + [coa + f "соја + | са 


[ C(t)dt = RU + 3(622) + 3(812) + 2(831) + 3(785) + 3(720) + (650) 075 = 4173.4-107 


| сија = 52650) + 4(523) + (418) 07 -2106.7.107 


[ са = = (a18+4238) + 2(136) + 4(77) + 2(44) + 4(25) 204) + 48) + 51075 -3671.7-1075 


Гг са = 200016) 4100107 -30-107 


Ї соја 29981.7-10? 0.1 
We now calculate: 
_ с С 


E(t) = 
Ї Са 01 
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— ÓM 


E(t) 


E(t) [1/min] 


ганаа T T 


0 r r RN 


с — Sr У 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 
t[min] 


Using Excel we fit E(t) to a polynomial: 


for 0 €t €3 E (t) = -1.1675-10?1* 41.1355-10? ? — 4.7492 -107 27 


«9.9505-10 7: 

for 3 €t €20 E,(t) = –1-8950 -10 791" + 8.7202 10771" –1.1739 -1071" 
E(t) = 4—1.7979 -107* + 0.092343 

for 20 € t 60 E, (t) =1.2618 -10 731“ – 2.4995 107° &1.8715-10 * r^ — 

6.3512-10 ^: + 0.083717 

fort »60 0 


P13-19 (b) 


External age cumulative distribution F(t) 


Е(ђ = (Еда 


Integrating the E(t), we obtain the F(t): 
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Р13-19 (с) 


Mean residence time and variance 


t, = | Eat 


The area under the curve of a plot tE(t) as a function of t will yield tm. 
tE() 


0.45 


ty=t=10min 


Efi) 


t[min] 


50 


60 


(t-ta) E(D 
"- rupe PN: 
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ка 


0.01316 
0.0622 
0.1624 
0.2493 

0.314 
0.36 
0.39 

0.4184 

0.418 

0.357 

0.272 

0.1925 
0.132 


0 0 
| уш = [ E(t)tdt + E(t)tdt + f Е(т + E E(t)tdt 
t, =т= 9.88 тіп = 10min 


m 


We can calculate the variance by calculating the area under the curve of a plot of: 


а | o^-74min? 


Чина] 


о? = [ (t-t, Y (бий = f (t-t, Y Еда + Ї-г, y E()dt + 


[ (у Eat + [ (21:92:07) 
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(t-ta) E(t) 


40 


50 


3.032064 
5.0382 
5.1968 
4.0719 

2.826 
1.8 
1.04 
0.2092 
0 
0.595 
1.36 
1.7325 
1.76 
1.5625 
1.26 
0.98 
0.8 
0.25 


о? =73.81min? = 74min? 


P13-19 (d) 


Fraction of the material that spends between 2 and 4min in the reactor 


Ей) [1/min] 


0 2 4 


E() 


6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 


[ E(t)dt = shaded area = 21000812) + 4(0.0831) + 1(0.0785)] = 0.16 


Р13-19 (е) 


Fraction of the material that spends longer than 6min 


0.03 


0.08 


Eft [1/min] 


Ей) 


5 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 58 58 60 
t[min] 
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qM MM 


0 0 0 
| 504 = shaded area = | Е(Гуй + f E(t)dt + [ E(t)dt 


Гвда -: (100.065) + 40.0523) + 1(0.0418)) = 0.210 


[ "Еда = > (10.0418) + 4(0.0238) + 2(0.0136) + 4(0.0077) + 2(0.0044) + 4(0.0025) 


+ 20.0014) + 4(0.0008) +1(0.0005)) = 0.367 
Гвоа-аай - (0.0005 + 0.0001) = 0.003 


Гвоа = shaded area = 0.581 


P13-19 (f) 
Fraction of the material that spends less than 3min 
E() 


Eit [t/min] 


a Se ee ln cl ee 


6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 


[min] 


0 2 4 


[ E(t)dt = shaded area = 2 (0) + 3(0.0622) + 3(0.08 12) + 1(0.0831)] = 0.192 


P13-19 (2) 


Normalized distributions 
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ЕЕЕ“ 


Normalized RTD 
9=^ m(o)-w() 
T 


Е(Ө) 


Normalized cumulative ВТО 


F(6)- | Е(Ө)дӨ= f к()а 
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Е(Ө) 7 


ов ee | 


P13-19 (h) 
Reactor Volume 
F-10 ди тіп 

у= Е.т=1004т? 


Р13-19 (1) 


Internal age distribution 
1 
(0-21-Е(0) 


0.12 еее tis пати ани ——— —M ———Á—À ре Аи, 


01 
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Р13-19 (j) 


Mean internal аге 


a, = аг [| пажа + тауа» (ауа Pray = 1min 


P13-19 (k) 


Intensity function 


P13-19 (1) 


Mean catalyst activity 


Integrating the decaying rate law: | - са = [ Кра 
а 


Applying the Segregation Model with the previous RTD data: 


била = ГаЕ0й 
See Polymath program P13-19-1.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 70 70 

ашеап 0 0 0.5778625 0.5778625 
ка 0.1 0.1 0.1 0.1 

Е1 0 -2.436Е+04 0.0838847 -2.436Е+04 
Е2 0.092343 -21.261016 0.092343 -21.261016 
E4 0 0 0 0 

ЕЗ 0.083717 1.724Е-05 0.083717 0.0017977 
Е 0 0 0.0838847 0 

а 1 0.125 1 0.125 


ODE Report (RKF45) 


Differential equations as entered by the user 
1 d(amean)/d(t) = а*Е 


Пан 


Explicit equations as entered by the user 

1] kd=0.1 

2] E1--0.0011675*t^440.011355*t^3-0.047492*t^2.-0.0995005*t 

[3] E2 = -1.8950*10^(-6)*t^4«8.7202*10^(-5)*^8-1.1739*10^(-3)*^2-1.7979*10^(-4)*t-0.092343 
4] E420 

[5] ЕЗ = 1.2618*10^(-8)'t^4-2.4995*10^(-6)"^841.8715*10^(-4)*t^2-6.3512*10^(-3)*t-0.083717 
6] Е = if(t<=3)then(E1)else(if(t<=20)then(E2)else(if(t<60)then(E3)else(E4))) 

[7] а= 1/(1«kd*t) 


P13-19 (m) 
Ideal РЕК 
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—-—À— iti 


2nd order, liquid phase, КСА, =0. Imint, Саве] mol/dm? 


t=10 min (from P13.19 (c)) 


X Сл | -0.5 
1 + К7С 4, 
Р13-19 (п) 


LFR 

Laminar Flow Reactor 

2nd order, liq. phase, irreversible reaction КСА, =0.1 min ';t-10 min. 
We apply the segregation model, using Polymath: 


ktC 0 for t < 5.00 min 
=———4°— and E(t) = 7 РА E 
1+ktC,, (10)*/(2t^)min for t 2 5 тіп 


See Polymath program P13-19-n.pol 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 300 300 

xbar 0 0 0.4504221 0.4504221 
cao 1 1 1 1 

k 0.1 0.1 0.1 0.1 

tau 10 10 10 10 

Е1 5.0Е+05 1.852Е-06 5.0Е-05 1.852Е-06 
tl 5 5 5 5 

E 0 0 0.2284987 1.852E-06 
x 0 0 0.9677419 0.9677419 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
[1] d(xbar)/d(t) = x*E 


Explicit equations as entered by the user 
[1] cao = 1.0 

[2] К=.1 

[3] tau = 10 

4] E1 =1аи^2/2/(1^3+0.0001) 

[5] t1 =tau/2 

61 E= if (t<t1) then (0) else (E1) 

[7] xz k*cao*t/(1+k*cao*t) 


We can compare with the exact analytical formula due to Denbigh. 


Х = рд = Іп(1--2/ 21 = 0.451 with Ра= КСлот=1 


Р13-19 (о) 

Ideal CSTR 

2nd order, liquid phase, КСА, =0.1 min’, CA;z 1mol/dm? 
X 

— 5C, X =0.382 

(-Х) 
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и 


Р13-19 (р) 
Segregation Model 
2nd order, liquid phase, КСА, =0.1 тт", Суу Imol/dm? 


X= [x (ela 


KC gat 


Where X (t) =—— 
1+ KC 1 
See Polymath program P13-19-p.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


t 0 0 70 

Храк 0 0 0.4224876 
ксао 0.1 0.1 0.1 

Е1 0 -2.436Е+04 0.0836855 
Е2 0.092343 -21.261016 0.092343 
Е4 0 0 0 

ЕЗ 0.083717 1.949Е-05 0.083717 
Е 0 0 0.0836855 
x 0 0 0.875 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = Е*Х 


Explicit equations as entered by the user 
[1) kCao - 0.1 
[2] Е1 = -0.0011675*t^40.011355*t^8-0.047492*1^24.0.0995005*t 


[3] E2 = -1.8950*10^(-6)*t^44-8.7202*10^(-5)*t^3-1.1739*10^(-3)*t^2-1.7979*10^(-4)*t40.092343 


[4] Е4=0 


[5] ЕЗ = 1.2618'10^(-8)'t^4-2.4995*10^(-6)*t^8--1.8715*10^(-4)*t^2-6.3512*10^(-3)*t-0.083717 


final value 


70 
0.4224876 
0.1 
-2.436Е+04 
-21.261016 
0 
0.0017977 
0 
0.875 


[6] E =if(t<+3)then(E1)else(if(t<=20)then(E2)else(if(t<60)then(E3)else(E4))) 


[7] X=kCao*t/(1+kCao*t) 


P13-19 (q) 


Maximum Mixedness Model 
2nd order, liquid phase, ЕС, =0.1 min, C447 Imol/dm? 


dX rn ЕЯ. 
ал С, 1-Е(4) 


Rate Law :— 7, = КС, 
C, 7 C, - X) 
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Aq Án 


г, = КС (1 — х) where К=0.1 dm? /mol min 


Ја kc, (1- Xy 


Ao 


dF 


=_==Е (2) where z-60-X 


dz 


See Polymath program P13-19-q.pol 


POLYMATH Results 


Calculated values of the DEQ variables 


Variable initial value 


2 0 

X 0 

Е 0.99 

сао 1 

lam 60 

Е1 -1.284Е-04 
Е2 -9.8680524 
ЕЗ 2.228Е-05 
Е4 0 

Са 1 

k 0.1 

ra -0.1 

E 0 


ODE Report (RKF45) 


minimal value 


0 


.010344 


.284Е+04 
.8680524 
.806Е-05 


.52273 
0. 
-0. 


1 


val. 


Differential equations as entered by the user 
111 d(X)/d(z) = -(га/сао+Е/(1-Е)*Х) 


[2] d(F)/d(z) = -Е 


Explicit equations as entered by the user 


[1] cao=1 
1 lam = 60-2 


E4=0 

1 Са = сао*(1-Х) 
] k=0.1 

9] га = -k'Ca^2 


r ~ о = 
о ~ OY Ul из US МЮ 
Шы ыы аә ы. 


maximal value final value 


60 60 
0.4773052 0.4047103 
0.99 -0.010344 
1 1 

60 0 
0.0832647 0 
0.092343 0.092343 
0.083717 0.083717 
0 0 

1 0.5952897 
0.1 0.1 
-0.0273247 -0.035437 
0.0832647 0 


E1 = -0.0011675*lam^440.011355*lam^3-0.047492*lam^2--0.0995005*lam 
1 E2--1.8950*10^(-6)'lam^448.7202*10^(-5)*lam^3-1.1739*10^(-3)*lam^2-1.7979*10^(-4)'lam«0.092343 
1 ЕЗ = 1.2618*10^(-8)"lam^4-2.4995*10^(-6)'lam^8--1.8715*10^(-4)*lam^2-6.3512*10^(-3)*lam4.0.083717 


[ 10 1 Е =if(lam<=3)then(E1)else(if(lam<=20)then(E2)else(if(lam<60)then(E3)else(E4))) 


Хит __ Хим j Хы с 
0.451 0.405 10422 


M ———— M——— —————M—— —— ——— ——. 


Xcste 
0.382 
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——— 


Solutions for Chapter 14 – Models for Non-ideal Reactors 


Р14-1 individualized solution 


P14-2 (a) 

Approximated formula for Segregation Model (1° reaction) 
2,2 

е“ =1-kt+ 


+ Error . The error is then o((kt))). 


3 


1 
Approximating the Error = B 


kt 


-0.0001667 _ 
-0.1667 


Тацјегтог |) : 
-20 
110^ 1103 oor 01 1 i0 100 
Ет 
P14-2 (b) 


Parameters Dispersion Model 
Closed-Closed dispersion model 


4q exp(Pe, / 2) 
Х =l- am ШЫЛ E ae ЕС 
(1+4) ехр(Ре,4/2)-(1-а) exp(- Pe,q12) 


(14-26) 
Where 
а = 1+4ра/ Pe, 


l 
Da = Кт = 27) Damkóhler number 


m——————————A—ÉÁÉ———— тет ннн ЕТУ 


{Л 
Ре 2— Peclet number 
D, 
Ре q = Ре, + ADaPe, 
Where 


DaP kl? Rate of consumption of Aby reaction 
"ор Rate of transport by diffusion 


Numerical example 
L А 
T= П = const = 5.15min 


[=1*0 =5.15min*0.lem/s = 0.309m 


$c = н 1000 (Liquids region in Fig. 14.11) 
D, 


Da = kt — 1.288 


7173000 From 


Fig. 14.11 


Is there a diameter that would maximize or minimize conversion in this range ? 
According Fig.14.10 there will be a radius that maximizes the conversion. 


P14-2 (c) 
(1) Vary the Damkóhler number for a second-order reaction (Example 14-3(b)) 


L 
For a second order reaction Ра = KC „= p aU 


0 
R = 0.05т 
L = 6.36т 
k = 0.5dm? / тої. тіп 
U, -1.24т/ min 
Сл = 0.5mol | dm? 


D... =1.05т? / min 


aris 


Damkóhler number/ Da 7 Conversion Parameter 
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n 


0.641 
1.282 


2.564 
5.129 
10.258 


(2) Vary ће Peclet and Damkóhler numbers for a second-order reaction in laminar flow (Example 14-3(c)) 


L 
For a second order reaction Ра = КС „о = pe хо: Ре =U,L/D,, 
0 


R = 0.05m 

L = 6.36m 

k =0.5dm? / mol.min 
U, =1.24m/ min 


Сл = 0.5mol / dm? 
Ds = 1.6x10? m? / min 


LENDER Parameter 
— 832x10 0.132 8*UO 


| 2446x310 _ 4%00 2 
222 2.08ж10°_ 2800 2 
1.04х10” UO — 
WOR 
__ 0.2610 00/4 
__0.13х10 00/8 


Conversion 


00 20x10 — 40x10 60xtó — 80x10 
Pe 


When Peclet Number decreases less than 2 x10? ‚ the conversion is influenced significantly. 
Below is a FEMLAB anaylsis of the problem. 


(1) Vary the Damkóhler number for a second-order reaction (Example 14-3(b)) 


14-3 


Mt MM M 


For a second order reaction Da = ЖС до = е 56 
0 


R = 0.05т 
L = 6.36m 


k = 0.5dm | mol.min 
U, =1.24m/ min 


С, =0.5mol | ат? 
D... =1.05т? / min 


aris 


Parameter 


0.377 
0.523 


Damkóhler number/ Da 


- Femlab Screen Shots 
[1] Domain 


[7] Axis equat 


гҮ-2 limits ШЕРДІ 
| nist EA 5 рі 


— ы ——— M Á——— a 


-J Come] ЕСТЕ 


[2] Constants and scalar expressions 
- Constants 


- Scalar expressions 


14-4 


[3] Subdomain Settings 
- Physics 
(Mass Balance) 


ли Ini | 1 | Element 
p Species EEO PE НАНДА 


| Library material: MEE 


| Quantity 
S88, Эр pue 
i^ (D Disotropic Daris | | Diffusion coefficient 


Сур anisotropic: Ne. ] Diffusion coefficient 


| t Select сээр group 


1 ET Active inthis domain | 


- Initial Values 


(Mass balance) сА(10) = cAO 


- Boundary Conditions 
@ r — 0, Axial symmetry 
@ inlet, 


Boundary condition: них MO PM 


| cA | Concentration 


N 


0 


o 21 Inward flux - 
@ outlet, Convective flux 


@ wail, Insulation/Symmetry 


| йн 

| Quantity | Value/Expression Description 
| 

| 


анды сшде дедк нени иннин шины. 
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Time-5calihg coefficient | 


| 
| 
= 
| 


[4] Results 
(Concentration, cA) 


Min: 0110 


IMemory: (18.4 /1 
(2) Vary the Peclet and Damkóhler numbers for а second-order reaction in laminar flow (Example 14-3(c)) 


For a second order reaction Ра = КС = x КС и; Ре = UL! Dag 
о 

В = 0.05m 

L = 6.36m 

k = 0.54т? / mol.min 

U, =1.24m/ min 

С = 0.5mol / dm? 


Dy, =7.6х10 m? | min 


=; Da 3 Conversion 222 ” Parameter 

0.1603 8.32х10? 8*UO 
0.3205 4.16х107 4*U0 
0.641 2*U0 n 
1282  -— o vo 

__ 2.564 __ 90/2 
5.129 00/4 
10.258 170/8 
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t MM 


When Peclet Number decreases less than 2 x10), the conversion is influenced significantly. 


- Femlab Screen Shots 


[1] Domain 


Conversion 


[2] Constants and scalar expressions 


- Constants 


- Scalar expressions 


Constants 


10 
0.9 
08 
0.7 
0.6 
05 
04 
03 
02 


0.1 


00 20x10 40х10 — 60x10 8.0х10° 
Ре 
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ЕЕЗ 


——————M ______-____ 


[3] Subdomain Settings 
- Physics 
(Mass Balance) 


———— 


Е | Сапсе! ІШ 


Ve(-DVcA*cAU) = R, cA = concentration 


(Subdomain selection 


| а 


| 


^ 


| [V] Active in this ботап | 


- Initial Values 


(Mass balance) сА(10) = cAO 


- Boundary Conditions 
@ r = 0, Axial symmetry 
@ inlet, 


г Boundary conditions >: 


H 
| Boundary condition: 
| Quantity 


CAS 


| 
| № 


@ outlet, Convective flux 


| | CA | init | Element | 


; Species: 


| Library material: Г a.i 


| Quantity 
5, 
(9) D isotropic 


(3 D anisotropic 
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Apply ] 


—ÓMÓ——9 


@ wall, Insulation/Symmetry 


[4] Results 
(Concentration, cA) 


© FEMLAB - Geom l/Convection and Diffusion (MassBalance) : P14-2 (CY(b).fl 


P14-2 (d) 


Two parameters model 


pit ае 


у, 
I-2 and S-4min'. 
B= » 0-3. 0.5 
у, 1 
211 4-2) = 0.013 
У tS 
3 
у, =(1- В), =0.05— 
min 


V, = (атју, = 0.013т? 


pale РАТ 
У 


5 
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— ———— nn a ent 


JL 47 КС, —1 
а ы Е" 
27,К т 


Х ыйы Жан 


Ао 


CSTR with Dead Space and 
Bypass 
(1-2.0 and 8-4 шіп!) 


CSTR with Dead Space and 
Bypass 
(121.25 and 5-0.115 шіп!) 


Ideal CSTR 


P14-2 (e) 


Two CSTR with interchange (1st order reaction) 


(B+ ак )|8 + (1L— oc ]- 8° 
(1— 8)+ atk 
See Polymath program P14-2-e.pol 


X= 


Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


t 0 0 200 200 

СТІ 2000 31.814045 2000 31.814045 
CT2 921 164.15831 1048.4628 164.15831 
beta 0.15 0.15 0.15 0.15 
alpha 0.75 0.75 0.75 0.75 

tau 40 40 40 40 

CTel 2000 -1.275Е+04 2000 -1.275Е+04 
стег 921 13 921 13 

t1 -80 -80 120 120 

CTe 2000 13 2000 13 

k 0.03 0.03 0.03 0.03 

X 0.5134788 0.5134788 0.5134788 0.5134788 


ODE Report (RKF45) 
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ЕЕС 


Differential equations as entered by the user 
1] d(CT1)/d(t) = (beta*CT2-(1+beta)*CT1)/alpha/tau 
{21 d(CT2)/d(t) = (beta*CT1-beta*CT2)/(1-alpha)/tau 


Explicit equations as entered by the user 

1] beta=0.15 

21 alpha=0.75 

[3] tau=40 

[4] Сте1 = 2000-59.6*t--0.64*t^2-0.00146*t^3-1.047*10^(-5)*t^4 

5] СТед = 921-17.3*t-0.129*t^2-0.000438"t^8--5.6*10^(-7)*t^4 

[6] 11=1-80 

[7] СТе = if(t<80)then(CTe1)else(CTe2) 

[8] k=0.03 

9] Х = ((beta+alpha*tau*k)*(beta+(1-alpha)*tau*k)-beta’2)/((1+beta+alpha*tau*k)*(beta+(1-alpha)*tau*k-beta‘2)) 


ы 40 80 t 120 160 200 


Comparison experimental and predicted (В=0.15 0=0.75) concetration. 
For small deviations from the original value of the parameters concentration and conversion are not significantly 
affected.The following table show the conversion for different combinations of В and a. 
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—À rM 


8-0.5 


Given the interchange flowrate, the conversion is increased with the increasing of the volume of the highly agitated 
reactor. Given the volume of the highly agitated reactor, the conversion is increased with the increasing of the 
interchange. 


P14-2 (f) 


Tubular Reactor Design 
The correlations between Re and Da show what flow conditions (characterised by Re) give the greatest or smallest D, 
and hence dispersion. 
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а 
To minimise dispersion a Re number of ~10-20 gives the lowest value Тог D,. Because Ке = pu , the design of the 


vessel could be altered (i.e. diameter) for a given fluid and flowrate. 
To maximise dispersion, either a very low Re («0.1) or Re -2300 will give the maximum Da values. 
For a packed bed, the dispersion also depends on the Schmidt number as well as Re number. 


P14-2 (g) 
Linearizing non-first-order reactions 

May be a good approximation if C4 does not change very much with time, i.e. A is in excess, in which case C4, should 
not be divided by anything. 

Linearizing the non 1* order reactions may give significantly inaccurate results using Equation 14-27, which can be 
tested experimentally by recording tracer concentrations with time and using the tanks in series model for a conversion 
comparison. 


P14-2 (h) 

Figures 14.3 and 14.1b 

The curves in Fig.14.3 represent the residence time distributions for the Tanks in Series model as function of the number 
of reactors. 

Given a CSTR of volume 1 (VzVj), we divide the CSTR in two CSTRs (V2=1/2). The mean residence time is 
unchanged (V/F) but the molecules going out of the second reactor will be delayed by the time (distribution) that occur 
to pass the first reactor (n=2, shift of the maximum). In the limit of infinite division (V,=0), so in the single CSTRs the 
residence time goes to zero for all the molecules (zero variance), but their summation is the mean residence time (n=, 
PFR behaviour). 

The model in Fig. 14.1, assumes a "faster" (channelling) reactor and a "slower" uniform reactor. There is an exit age 
distribution for the faster reactor which occurs as a distinct pulse clearly before the exit age distribution of the second 
reactor. The fraction of effluent which has been in the real reactor for less than time t shows a step up from zero when 
flow leaves from the "faster" reactor. This fraction is the fraction of flow in the “slower” reactor. When the flow leaves 
the “slower” reactor this fraction becomes one. 


The model in Fig. 14.1 is PFR and CSTR in parallel. The exit age distribution for the CSTR is a negative gradient curve, 
interrupted by the distinct exit age distribution pulse of the PFR. The CSTR will always provide a fraction of effluent 
which has been inside the reactor for less than time t, which increases with time. But when the effluent exits the PFR at a 
specified time after zero, this increased effluent is superimposed upon F(t) of the CSTR, giving a combined F(t). 
Conversion 


а 1-а 
екш wer а 
ү у 
У1 23 —— Са 
Vor Cao C Aexit 


dX 
PFR mol balance: 2 == 


Rate law: — 7, = kC? 
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мин 


Stoichiometry: liquid phase C, = С, (1 -X ) 


2 
2™ order PFR : £ ЕЕЕ Е 201+ e)ln(1- X )+ £’ X ire 
y d 1--Х 
E= уљд where Decus ulis qun 
а а 2 2 
E=0 
Determining @ and f: 
у 
E ae ys — V, = 2.5у, 
В Уу, 
1-1--141-3) 
ү v 
У =10у, 
Gives фе dg жалы ора 
10 v, Vis 2.5 
хэл 2n _ У ES -5min 


Hence V/v, +V, Ју, =10 

But У, 22.5, > У, -7.5у, 
Gives 7, = 2.5 min Т, = 7. 5min 
Substituting into 


= Ез e)in(l~ Х)+е°Х + d 


v kc, px 


Reactor 1: 


Сл =C a(l- X,) = 2(1- 0.5) = Imol ат? 


Reactor 2: 


=" ; Х, 
0.1*2?|1-X, 


1 Х 
3=—— | | +X, =0.75 
0.1*2? |1- X, 


С, = CL - Х,)= 2(1— 0.75) = 0.5mol / dm? 
_ Са +С» _ 1+0.5 


Aexit T 
2 


C ‚= 0.75mol | dm? 
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orae recen а 


_ Сь-С, 2-035 
CE 2 


= 0.625mol | dm? 


P14-3 (a) 


Money for buying reactors 
Using the tank in series model: 


2Da+1—-V4Da+1 
2Da 


C, =C,,(1- X) Х = 


Second order reaction X = where Ра=КтСао 


C, m C, 
Сс 
2 


7, 
Assume that 7 = Т, and that in reactors medelled as more than one tank, that 7 = —.. Number of tanks n= X 
п о 


rounded to the nearest integer. 


Scarlet & 


Orange & blue 


Purple & white 
Silver & black 
Crimson & 
white 


Where 

Scarlet & grey: X, = 0.5, Сді-0.5 > Х, = 0.38, Сл=0.31— X = 0.69 

Orange & blue : X; = 0.43, Сді-0.57 -> X5- 0.34, Сл=0.38— Хз = 0.27, 

Слз=0.28—Х=0.72 

Using the combination of maze & blue followed by crimson & white reactor (same overall conversion either way) 
X12 0.5, Сдіт-0.5 > Хо = 0.17, Слг=0.41— Х-0.59 

The orange & blue or silver & black reactors which both approximate to 3 tanks in series give the greatest conversion. 


P14-3 (b) 

More money for buying reactors 

Try: 

Green & white and Maze & blue: X, = 0.61, C4,20.39 — Х, = 0.34, C4520.26 X = 0.74 
Scarlet & grey and Maze & blue: X; = 0.69, Сл1=0.31 > Х; = 0.42, C4520.18— X = 0.82 


Orange & blue and Maze & blue: X; = 0.72, C41-0.28 — Х, = 0.40, C45:0.17 X = 0.83 
The highest conversion is now obtained from the Orange & blue reactor combined with the Maze & blue reactor. 


P14-3 (c) 
Ann Arbor, MI 
East Lansing, MI 
Columbus, OH 
Urbana, IL 
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Evanston, IL 
West Lafayette, IN 
Madison, WI 


аа а eee Еа 
P14-4 


Packed bed reactor with dispersion 
Ist order, kj=0.0167/s, e=0.5, d,=0.1 ст, 


у == = оста /5 L-10cm, Us 1 cm/s 
p 


pUd V 
== = 10 and Sc = —— по data concerning О,р 
и Рав 
From packed bed correlation for D, , and liquid phase region of graph, 
204, 2*1*0.1 


P 


Re 


Gives мэ = арргох > D, = = 0.4ст? 15 
5 € 0.5 

Pe, ea 3 25 

D, 04 

za Meme] 2) ______ 

ПЕТЕНЕЕГ ЕРІ 
= |1+ 2и 
d Pe, 


L 10 
Ра=тк and t= = T =10s — Da=0.167 and q=1.013 


X =0.15 


Conversion X=15%. 


i ——————————————————————— 


P14-5 (a) 


Number of tanks in series 


Bo 

Assuming the Peclet-Bodenstein relation: п = 7 +1 

UL 
Where Во = — 

D, 

du 5*2 V 0.01 
To estimate Bo, Re = —— = —— = 1000 and Sc = ш-----2 
v 0.01 D,, 0.005 
From gas phase dispersion correlation chart, —=8 
и 


t 


Gives D, = 80cm! / s 
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| 
| 
| 
i 
| 
| 
| 
| 
| 
E 
i 


225200 _. 
80 | 

nz341-3,5 
2 


Bo 


P14-5 (b) 

Conversion 

Using individual reactor material balances: 
Reactor 1: 


rV 
Mol balance: X = —-4— 
F Ao 


Rate law: — r, = КС n 


Stoichiometry: С, =C,, (1 =X, ) 6-0 and e=0 hence no volume 
change 
NP " 
x= КС (1–Х,) _ 25*0.01 (-ху 
УС 4, 0.039 
X, = 6.366(1- Х,)? — 0.674 
Сл = C,,(1- Х,) = 0.00326mol / dm? 


Reactor 2: 
И Y 
X, = «Са - X, — X, =0.507 
y 
Cay = Ca (1- Х,) = 0.00326(1— 0.507) = 0.001607mol / ат? 
Reactor 3: 
С.-Х.) 
Хү ксай-х,) -» Х, -0.387 
y 
Съ = С,,(1- Х,) = 0.001607(1 – 0.387) = 0.000985mol / dm? 
Reactor 4: 
2 
x= KC ya - Xu)" — X, = 0.305 
y 


См = C4(L- Х,) = 0.000985(1— 0.305) = 0.000685mol / dm? 


Bounds on conversion: 


3tanks X = CA Сл 0,0015 
Ao 
іші X = Сао Са. = 9.9315 
Си 
Р14-5 (с) 
Change of the fluid velocity 
Let U=0.icm/s 


Rez50 and 5с=2 
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| 
| 
| 
| 
| 
| 
| 
| 


52122959) 


From gas phase dispersion correlation chart, — = 0.5 


u 1 
Gives D, = 0.Sud, = 0.5*0.1*5 = 0.25cm^ / s 
ж 
во = UE = 015200 ,, 
р, 025 
Te qai 
2 


The conversion is close to the one PFR 2% order reaction: 
k-25dm'/(mol:s) 

t=1/U=2/0.001=2000s 

Da=ktC,,=500 


Let U=100cm/s 
Re=50000 and Sc=2 


D 
From gas phase dispersion correlation chart, —* = 0.21 


и 1 
gives D, = 0.2101, = 0.21*100* 5 = 0.25ст? 15 
* 
ше ы цаад 
D, 105 
Bo 190.5 


n=——+1=——~+1=96 
2 


The conversion is close to the one PER 2" order reaction: 
ке25а т (то!) 

л=МО=2/1=25 

Da=ktC,,=0.5 


X pu. = 0.333 
1+ Ра 


P14-5 (d) 


Change of the superficial velocity 


D.E 2055 
4 


р 


From packed bed dispersion correlation chart, 
и 


ЕТЕ 0.55и4, .055*4*02 _ 


Ы Е 0.4 
ж 
_ UL 4*200 _ 454 


11 


Во 
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sence кил = 


The conversion is close to the one РЕВ 2™ order reaction: 


check 
k-25dm)/(mol:s) 
1-1/U22/1-2s 
Dazk1CA,-0.5 
go! 0343 
1+ Ра 
P14-5 (e) 
Liquid instead of gas 
ЖДЖ 
y 0.1 
se= 7 = 1090 og 
D, 5е-6 


This is off the scale of the graph for liquid phase dispersion, hence D, cannot be evaluated. 


P14-6 (a) 
Peclet numbers 
From Example 13.2 о2=6.19тіп? and t,-5.15min 
Closed: 
2 

с 2 2 M 

шы = (-е №) Pe, = ТАТА 
іт Ре, Pe, 
Open: 

o? 2 


а = E 2 — Ре, =11.68 
іт Ре, Pe, 


Р14-6 (b) 
Space-time and dead volume 
зас P Le САА 
1+ 2/ Ре 


У, 2T*v, = 263.8dm? 
У; = У -V, =156.2ат? 


сше 37.2% 
20 


%deadvolume = 


Р14-6 (с) 

Conversions for 1“ order isomerization 
Dispersion model 

Da=kt=0.927 


14-19 


д = | Ape 21221 
Ре, 


2 
Х-1- 44 ехр(Ре, /2) 


ДЕЛ ПЕЕ каља RIO 
(1+4)? ехр(Ре,4/2)-(1-4) expl- Pe,q/2) 


Tanks-in-series 


2 

n= = 4.35 

с 

1 
X =1-—_——— = 0.568 
(1+7,K) 
P14-6 (d) 
Conversions PFR and CSTR 
PER: X 2 1—e “ X=0.604 
1 


CSTR: Х-1----- X=0.481 
1+% 


P14-7 


Tubular Reactor 

1" order, irreversible, pulse tracer test > O 2265 s^ and t m= 10s 

For а 1% order reaction, PFR: X =1- е“ = 0.98 

We need т апа К. There being no data for diffusivity (Schmidt number) D, and hence Pe, cannot be obtained using 
tübular flow correlations. 


Calculate 

V= 3 m * 25 dm? * (0.1 пат)? = 0.75 m? 

т= 0.75 m? / (3*10? m)/s) = 25 $ 

This is greater than tm so channeling is occurring 


Calculate, k 


iuit 
pe. 


T 


k- = 3.91/25 s = 0.156 s” 


Therefore assume closed vessel dispersion model: 
tn = t = 10 s space-time 


Calculate, Ре 


14-20 


вв 


(1-е?° ) = 65/10? = 0.65 
t, Pe, Ре, 


r r 
Iterating — Pe, = 1.5 


Calculate, X using the measured V and v, giving т = 25 s 


Ы "E | [ Е | 


Da = Ttk = 25 * 0.156 = 3.9 


Ара 4539 
а= 11+ = 1+ = 3.376 
Ре, 1.5 


4*3э7бехр 15) 
Х= —— — = 0.88 


( +3.376} "EZ : [ БҮР" "EE 


Conversion for the real reactor assuming the closed dispersion (Х=0.88) model is less than for the ideal РЕК (Х=0.98) 


Х=1- 


У 
Таса = — = 25 8 
Vo 
У = Vp + Vs 
У; = а*у 
Моге, 
Trip = 10s=a*t, 0=10/25 =0.4 


па Моште 


Dead Volume 


Dead Volume = (1- о) V= 0.6 V, Vs=0.4V 
Use tm = 10s, Da = t, * k = 10*0.156 = 1.56 


4*1.56 
q AE =2.27 
1.5 
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4%2.27 12) 
Xp= рт 


[ -227) exp 227) - L -2.277 "2 


Хр = 1- (19.22/58.38) = 0.67 


P14-8 (а) 
E(t): 
06 
0.4 
Et) 
2222 T 
0 
0 2 4 


Conversion T-I-S and Maximum Mixedness Model 
Хт.5=0.5 
1 


c 
n 


го 2 4 
г ==, = [Е = (025-Гас [(1–0.25- га! = 2min 
0 0 1 


For a first order reaction Xpm=X11-s= 1 — 


а? = [Eee —1„)°й = [goa - c = min? 
0 0 


7: 


n=—~=6 
ce? 
From the conversion it is possible to determine k at 300K: 
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— —o€————  ————————————ÓÓÓÓÓÓÍ 


-1 
pe АХ 2 0367 min" 
п 
The conversion at Т=310 K is given by: 


МЕТ ME 
R300K  R.310K 


Kap = Ку zi | =1.422 min” 


R - 1.9862 
molK 


1 


XanzXriszl Ta т? = 0.903 
18 
п 

P14-8 (b) 
Complex Reactions 

dC 

12 =- КС, – КС, 

ас 

TE =k,C,—k,C, 

ас 
Pi 

dC 
de BCH 
Where Кү- = k3=0.1 min’! 

dC, __ _ Е(А) 

d Ут +(С, Ca 0) 
ас E(A) 
ал eM ( КС, k,C,)4 (C, Ca (а) 
dC E(A 
FA = -(&C, К,С, )* (C, — Cy, А 5 у 3 
dC, E(A) 

АА = -(&,C, )* (Ce ~ Со лэ F(A) 
4C, __ Ей) 

ал ps (&,C,)* (С; Coo Ej 


Where C4;-1mol/dm? and Свс- Ссо- Сьо=0. 
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р 


Changing variable: A=z-4 
See Polymath program P14-8-b.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value 


0 
0.6793055 


z 
ca 
cb 
cc 
cd 
F 
ki 
k2 
k3 
rc 
ra 
rb 
t2 
rd 
cao 
cbo 
cco 
cdo 
tl 
lam 
Е1 
Е2 
Е 
ЕР 


ODE Report (ЕКЕ45) 


Differential equations as entered by the user 
1] d(cayd(z) = -(-ra+(ca-cao)*EF) 

21 d(cbyd(z) = -(-rb+(cb-cbo)*EF) 

31 d(coy/d(z) = -(-rc«(cc-cco)" EF) 

4] d(cd)/d(z) = -(-rd+(cd-cdo)*EF) 

51 d(Fyd(z) = -E 


.9999999 


1 
ососонф-єёмнмососонсо-сосососооссооооныос 
нк 
Ї 
ососососомоосогрсы-ссоссосососомосооо 


[ 
[ 
[ 
| 
[ 


Explicit equations as entered by the user 
[1] k120.1 


вммМООО- ОВ ОООООООО ОО ҒЫ» 


.142158 
.0181892 
.1603473 
.9999999 
21 

22 

.1 
.0142158 
.1358611 
VE 


в 


0.4965476 
25.277605 


21 k2=0.1 

3] КЗ = 0.1 

4] rc = k2*cb 

5] га = -К1*са-КЗ*са 
[6] rb =k1*ca-k2*cb 

7] t2=4 

8] га = k3*ca 

9} cao=1 

101 Сбо-0 

111 ссо=0 

12] cdo=0 

13] Н=2 

14] lam = 4-z 

151 E1=0.25*lam 

61 22 = 1-0.25*lam 

17] E = if (lam«t1) then (E1) else ( if (lam«-t2) then (22) else (0)) 

18] EF = E/(1-F) 
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1 


осо-сосомсососонсовсосоосоосоомосооо 


4 


final value 


.6793055 
.142158 
.0181892 
.1603473 
.854E-06 
21 

sl 

24 
.0142158 
.1358611 
.0537147 


.0679305 


020 


012 


P14-8 (с) 
Use FEMLAB for the full solution 
Complex reactions and Dispersion Model. 


S =-k,C,-kC, 
i = ЕС, С, 
ж 

Ho с, 

Р14-9 (а) 

Кот Р13-4: 


11 =т= Ё min, С°? = та 0.159 min’ and k= 0.8 тїп! 
л 2л 


Tanks-in-series 
For a first order reaction the conversion is given by: 


From Example 14-1 


Жен 20447 
P14-9 (b) 


Closed-closed vessel dispersion model 
For a first order reaction the conversion is given: 


4q exp(Pe, / 2) 
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Ра = tk = 0.638 


ж 
аа тае Sees 
^ Pe, 6.83 


X-0.41 


Хті Хрь ersion Е 
0.447 | 12137: wee ke 


Referring to P14.2 the approximate formula for the T-I-S is not good approximation. 


P14-10 (a) 
Combination of ideal reactors 
The cumulative distribution function F(t) is given: 


t[min] 


The real reactor can be modelled as two parallel PFRs: 


Va-(1-0)V | _ 
: 1 3 
The relative E(t) = |166 шил! )+ 190 -T ) 


P14-10 (b) 


Model parameters 
For two parallel PFRs, the parameters are 7,10 min and 1,=30 min, 


P14-10 (c) 
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Conversion 
Fag; =1/4Fap and Рао›=3/4Нау ‚second order, liquid phase, irreversible reaction with k=0.1 dm? /mol-min™ and Сд,=1.25 
mol/dm? 

Кт,С,, 
1+k7C,, 

КСА | Сс 
Са = См 7 

ЕСТ Сда 


Ca m. = С, = 0.556mol | dm? 


— Сл = 0. 263mo | dm? 


1 3 
vC. mrad. = а 


Х----1-т------0731 
УС 45 
P14-11 (a) 
From P13-6 
t, = 5пил | 
E(t) 
ТІ; t 
—ift«t m 
2 
ee ae ae 
Ens -(r-24)if t <т<2 © кү DD 
ћ 
0 otherwise 


Tanks-in-series 
2 
T 
n=— = 6 (Asin 
Год 


Р14.8) 
Second order reaction, liquid phase, kC4,70.2min'! 


См Саш _ 
kC 


2 
Solving for Casu 


Aout 
-1- МАКС а 


Six-Reactor System: 1471/6 
The Damkóhler number is given by Dag- КСлоте=0.167 


–1+ fit 4Da, у, 
Da, St ЭЭЖ айсан 
2 
with 1=1..6 
In the following table the exit concentrations for each reactor are reported: 


= 0.473 


P14-11 (b) 


Peclet number 


The Peclet number Pe, = — 
a 
For Closed-Closed System (no dispersion at the entrance and at the exit of the reactor P13.6) 


Ре=10.875 


Р14-11 (с) 
Conversion 
Linearizing the 2" order according 14.2 (2): 
Са 
г, = КС, = k74 5 C, = ЕС, 


it is possible to obtain an approximated solution; 


К'= к= =0.1min™ 
Da = ж'= 0.5 
Рес-10.875 e Part(b)) 


5 ДЕЛЕ 
4 E 


4q exp(Pe, 12) 


(1+4) exp(Pe,q/2) -(1- а) ехр(- Pe,q/2) 
Х=0.382 


X -1- 


Full solution can be obtained with FEMLAB 


P14-12 (a) 

Remembering the physical meaning of the Peclet number: 

Pe = rateof transportbyconvection _ Ul 
таео transportbydiffusionor dispersion | D, 

oo X pig, = X prr 


For a first order reaction: 
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цонхны === H—— 


4q exp(Pe, 12) 


Хо (1) 
(1-4) ехр(Ре,а/2)- (1-а)? exp(- Pe,q!2) 
Pe, 
Da = tk 


For Ре,>>1 (or for small vessel dispersion number) 
2 3 
4Da Da Da Da 
а = fl+— =1+2— - 2} — | +0 — (2) 
Ре, Ре, Ре, Ре, 
1 2 
Introducing (2) into (1) and neglecting terms 48) 


е 
4. ( + ану) 
Р 


(4 


Tc ж UR) 
| Pe 
PIPN ес | 
P14-12 (b) 
ac Un? 


E -kt = Pe, 
X prp =1-е ^ and X pisope» =1-е 


In order to achieve the same conversion: 


( T Disp j 
kTprr = KT pisp — Pe, 
Terr А (ож) 1 40, 
T Disp V Pe, у? 
Р14-12 (с) 
Defining: 

Ul pr; 
Pe, = = =0.1 
D 


ee A EE БИ: 757 Ды 


(1 + а) ехр(Ре, 1-р 72)- (1 Е а) ЫН Ре, Gag J 


PFR PFR 
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Мылы 
Ре 


r 


а= | 


The following figure shows the solution as function of КТрев for different values of l/lpgg. 


P14-12 (d) 


Starting from 14.12.1 and subtracting the conversion for a PFR: 


For small deviations from the plug flow: 


P14-12 (e) 
According P12.3 dispersion doesn't affect zero order reaction. 


Що 


P14-13 
From P13.19: 
1-10 min and o^-74min? 
for 0 €t €3 E, (t) =–1:1675 10731" 4 1.1355-10 71" – 4.7492 -10 
49.9505-10 7: 
for 3 €t €20 E,(t) = —1:8950-10 5:* +8.7202 10715 -1.1739-10747 
E(t) = 4—1.7979 -107"1 + 0.092343 
for 20 <t € 60 Е, (t) = 1.2618-10 *1* — 2.4995 - 10791" 1.871510 * £^ – 
6.3512-10 ^1 + 0.083717 
fort>60 0 


212 


Р14-13 (а) 
2nd order, КСло=0. 1min'!, Cag=1mol/dm’, Segregation Model 
Segregation Model 


x = [xe a 


See Polymath program P14-13-a.pol 
* 
POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 
t 0 0 70 70 
Xbar 0 0 0.4224876 0.4224876 
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kCao 0.1 0.1 0.1 0.1 

Е1 0 -2.436Е+04 0.0836855 -2.436Е+04 
Е2 0.092343 -21.261016 0.092343 -21.261016 
E3 0.083717 1.949E-05 0.083717 0.0017977 
Е4 0 9 0 0 

Е 0 9 0.0836855 0 

X 0 0 0.875 0.875 


ODE Report (RKF45) 


Differential equations as entered by the user 
[1] d(Xbar)/d(t) = E*X 


Explicit equations as entered by the user 
[1] kCao=0.1 
[2] E1--0.0011675*t^440.011355*t^3-0.047492"t^24-0.0995005*t 
[3] E2- -1.8950*10^(-6)*t^4--8.7202*10^(-5)*t^8-1.1739*10^(-3)*t^2-1.7979*10^(-4)*t-0.092343 
[4] ЕЗ = 1.2618*10^(-8)*t^4-2.4995*10^(-6)*t^3--1.8715*10^(-4)*t^2-6.3512*10^(-3)*t-0.083717 
[5] E420 
[6] Е =if(t<=3)then(E1)else(if(t<=20)then(E2)else(if(t<60)then(E3)else(E4))) 
171 X=kCao*t/(1+kCao*t) 


P14-13 (b) 
2nd order, kC4g=0.1 min", C492 1mol/dm, Maximum Mixedness Model 


dX т", T E(A) 


саме Ери: ЧЕ X 
ай С, 1-F(A) 


Rate Law :— r, = КС, 
С, = C, 0L - X) 


ғ = КС, (1— X). where k-0.1 dm? /mol min 


4 - IC, - X 
Ао 
ФЕ ш--Е (z) where z=60-A 
dz 


See Polymath program P14-13-b.pol 


POLYMATH Results 
Calculated values of the DEQ variables 


Variable initial value minimal value maximal value final value 


2 0 0 60 60 

х 0 0 0.4773052 0.4047103 
Е 0.99 -0.010344 0.99 -0.010344 
Cao i 1 1 1 

lam 60 0 60 0 

Ca 1 0.52273 1 0.5952897 
k 0.1 0.1 0.1 0.1 

ra -0.1 -0.1 -0.0273247 -0.035437 
EA 0 0 0 0 
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El -1.284Е+04 -1.284Е+04 0.0832647 0 


E2 -9.8680524 -9.8680524 0.092343 0.092343 
E3 2.228Е-05 1.806Е-05 0.083717 0.083717 
Е 0 0 0.0832647 0 


ODE Report (RKF45) 


Differential equations as entered by the user 
111 d(Xyd(z) = -(ra/Cao«E/(1-F)*X) 
21 d(F)/d(z) = -E 


Explicit equations as entered by the user 

11 Cao=1 

21 lam = 60-2 

[3] Са= Cao*(1-X) 

4] k=.1 

[5] ra = -к*Са^2 

[6] E4=0 

[7] E1 =-0.0011675ат/^4-+0.011355*!ат/^3-0.047492ат^2+0.0995005*ат 

[8] E2 «-1.8950*10^(-6)*'lam^448.7202*10^(-5)*lam^8-1.1739*10^(-3)*lam^2-1.7979*10^(-4)*lam«0.092343 
[9] ЕЗ = 1.2618*10^(-8)'lam^M-2.4995*10^(-6)*'lam^84-1.8715*10^(-4)*lam^2-6.3512*10^(-3)*lam40.083717 
[10] Е = if(lam<=3)then(E1)else(if(lam<=20)then(E2)else(if(lam<60)then(E3)else(E4))) 


(Check F(t) 


P14-13 (c) 


Tanks in series and Ist order reaction with k=0.1 min? 


t2 


For Ist order reaction is acceptable a non integer value of n for calculating the conversion 


X e = 0.527 


ur 


P14-13 (d) 
Dispersion models and 1st order reaction with k=0.1 min! 


Peclet number open system 
2 


2 8 
2- =—-+— => Ре = 4.906 
t, Ре Pe 


FEMLAB application 
Peclet number closed system 


2 
2 
c жезге E Pe = 0.98 
Pe Pe 


_________ “eple? ______ 
(1+ 4) ехр(Ре,4/2)- (1– a): exp(- Pe, q/2) 


ET 4Da 
* Pe, 
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Ра = tk 


Х=4.59 


Р14-13 (е) 


Dispersion models and 2nd order reaction with k-0. 1dm//mol:s and Сло=1тоИат? 


Conversion 
Linearizing the 2" order reaction rate according 14.2 (g): 


Е n = кеј kL, = РС, 


it is possible to obtain an approximated solution; 


К'= pee = 0.055 
Ра = tk'= 30 
Pe=0.98 (from Part(b)) 


2 = 

е ык д 2280 =11.111 
Pe, 0.98 

X sess 4q exp(Pe, /. 12) 

Х=0.998 


Full solution can be obtained with FEMLAB. 


P14-13 (f) 


Two parameters model (backflow) 


For tracer pulse input 


dC, 
V Бо = Су МС 
ас, 
У, 22. = у Сп – УС 
T 
а = ut vibe =— and T= L 


V 
Vo 0 
We arrive at two coupled differential equations: 
For tracer pulse input 


ас 
от = В(С;, Б Са) 


ас 
(1 Е а) тта = (Cj i Cu) 


See Polymath program P14-13-f.pol 
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(1+4) ехр(Ре,4/2)- (1-а) expl- Pe,q/2) 


Р14-13 (2) 


Two parameters model models and 2nd order reaction with k-0. 1dm/mol.s and C491 mol/dm? 
2 
Cao + BC yy — ВС = Сл 
2 
BC 4 — BC gg — Са = КС» 1 x а): 


X Сот Саз 
Сл 
Р14-13 (ћ) 


Table ој the conversions 2 
X1 15 Хум X Dispersion Xtwoparameters 
0.527 0.405 0.422 0.5 ? 


P14-13 (i) 

Adiabatic reaction with Segregation Model 

2nd order, kCag=0.1min", Сло=1то/ат?, Segregation Model 
Segregation Model 


9х 
E = kC, E xy 


T 2320 +150Х 
k —0.1*exp(45000/8.314* (1/320 -1/T)) 
Х = [х (0а 

0 


See Polymath program P14-13-i.pol 


P14-14 (a) 
Product distribution for the CSTR and PFR in series 


A | RT 2 

We can write this linear system of 5 equations for the 5 unknowns ( E, с Ёс, 5 E А Е, aua 
jon et. cus 

hn- = Ep -En = 
К, 
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3 
27 | == 
Б |= 
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Pil 
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T 
— 
3 
+ 
ial 
8 
| 
il 


~ 
~ 


S 
Е 
~ 
H 
— 
S 
T 
I | 
| 
ty 
~ 


~ 
S 
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ын 
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P14-14 (b-d) No solution will be given at this time. 


P14-15 (a) 

Two parameters model 

Omin €? «10min C(t) =10: (1— exp(-0.17)) 
10min Xt C(t)-5-10-(I—exp(-0.17)) 


Omin <t «10 0 Е(@)==.(-ехр(-0.14)) 


шо | > 


10min € t Es =-( -exp-0.10) 


| 

| | 

| 

| 

| 

| 

FW) | р-1/3 || | 
| 


t(min) 


The F (t) can be representative of the ideal PFR and ideal CSTR in parallel model: 


| 
| 
| 
| 
| 
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VpFR=BVo 


a= Fractional volume 
B= Fraction of flow 


E а=-, t=10min 
s 
V а | (1-а) 
Top = = —T=10min 7. -2——.7 = 10 пуп 
PFR V prr CSIR 1-2) 
P14-15 (b) 
Conversion 


2™ order, у=1 dm’/min, k-0.1dm?/mol-min, CAg-1.25mol/dm? 
Balance around node 1 

Ву,Сьвк + (1- B)»oC este = УСА 

Еог Ше РЕК: 

Second-order 


C 4o — СРЕк 5 Пар _ 


Х = = 0.556 
“ Cao 1+ арақ 


Where Dappr = IC =1.25 


Сур = 0.556т01/ dm? 
For the CSTR: 


_ Сло = Ссятк _ (1+ 2Басутк)— 1 + 4Рас»тв = 
Cao 2Рассть 
1-@ 
Where Расств = k —— — 1C 4o = 1.25 
1-2 
Сета = 0.725то1/ dm? 
Where С, = BC prr + (1— В)Ссѕтк = 0.668то1/ dm? 
Cag Са 


AO 


X= = 0.465 


14-36 


ec neers КЕЛЕТІНІ 


Р14-15 (с) 
Two parameters model 


Отіп <7<10тіп F()-0 


10min<st F,(t)= 624 ~ exp- [0.2( -10)] 


F(t) 


The F (t) can be representative of the ideal PFR and ideal CSTR in series with a bypass between them: 


Vy Ву, 


а= Fractional volume 
В= Fraction of flow 


1 3 40 . 
==, а=—, T--—min 
д 3 4 3 
М : (1-а) | 
Трв = — = at =10 ix = 
БЕК " ат min Тсяв 10)" 5 тіп 


Сопуегзіоп 

2" order, v,-1 dm?/min, k-0.1dm?/mol-min, Cag=1.25mol/dm? 
Balance around node 1 

„С, + (1 = В’ Сотк = Ву Сы + (1 zi В Соя = Са 
For the РЕВ: 

Second-order 
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у ___ Cao Core _ Барет _— 0556 
и Cao 1+ Барк 


Where Паррр = КАТС до =1.25 
C pep = 0.556mol / dm? 


For the CSTR: 


Сун, -Cosm _ (1+ 2Расзтк)— M 4Dacsm 0195 


Хсяв = = 2D 
ACSTR 


0/77: 


Where астр = EL "Син = 0.278 


Coste = 0.453mol / ат? 


Cao Са 
А0 
Where С, = BCpre + (1– B)Cesrp = 0.487то1/ dm? 


Х = = 0.61 


P14-16 
ч, 
[= 
a = 
(3) (4) 
CSTR 
dn CSTR 
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m је | ст 


Channeling 
ir 


| 
40 35b 
i Dead Zones (10) 


©) 


P14-17 


The presence of a minimum (run2) imply the presence of a radial temperature profile that effects the reaction rate and 
determines the deviation from the concentration profile given by Eq. (14.51). 


The enthalpy balance allows the identification of the dimensionless thermal parameters: 


Defining 
g=— a dmt. EUM 7- 4 
R L Tus Co U, 
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| 
0-- 2 42 
Ат |1 дф (2) 929 -U 9? цөс АН, э 


2 2 44 
ЕС,0 дф 1) 94 дА CH 
09 . 99 | 
9-0 98:30 Ф=1: —-L—-Bi(l- 8) 
дф дф 
яаг : | | 
where Bi = —— ratio convection-radial conduction 
k 
ratio conduction-enthalpy flux 
ЕС, P. 
AH reac : : : : 
dimensionless adiabatic heat 
C ои 


Ра(8) = k(8)C^,7 
A parametric study of the numerical solutions of Eq.(14.51) and the enthalpy balance would give the "exact" conditions 
for a minimum in the concentration. 


P14-17 (a) 
A decrease in the thermal conductivity of the reaction mixtures determines an increase of the bulk fluid temperature and 
can determine a minimum in concentration. 


Overall heat transfer coefficient increases: 
For a given flux this determines less deviation from the isothermal case: no minimum 


P14-17 (c) 

Overall heat transfer coefficient decreases: 

For a given flux this determines more deviation from the isothermal case 
and the possibility of a minimum. 


P14-17 (d) 

The coolant flow rate increases: 

The external heat transfer coefficient increases, this implies a lower wall temperature and a resulting lower temperature 
in the reacting mixture and less deviation from the isothermal case: no minimum 


P14-17 (e) 

The coolant flow rate decreases: 

The external heat transfer coefficient increases, this implies an increase in the wall temperature and a resulting higher 
temperature in the reacting mixture that can determine a minimum in the concentration. 


Below shows how to use FEMLAB for this problem. 


Femlab Screenshots for the baseline case 
(1) Domain 
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ph ilie эндэ 


Auto 


(2) Constants and scalar expressions 
- Constants 


Constants 


- Scalar expressions 
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Сә) ии 


Ч 


МОДрЁБа22) _ 


PAARID ___ 


EBO0-cAO'xA — 


"CAD XA 


A'exp(-ERIT'rhoCat*(cA*cB-cCMeg) _ 


edqü*exp(dHrxiR^(1/303-1/T)) 


(Ауани) 


(3) Subdomain settings 


| Quantity Value/Expression Description 


- Physics 
(Mass balance) 
; Equation : 
| Ve(-D¥cA+cAu) = К, CA = Coriceniration 
i Subdomain selection -:: 
Ши add Species 
| Library material: | 
| 
| p 
| ё. Ш 
| (isotropic ПІН 
|^ 2D anisotropic | 
: | E] Select by group 
[У] Active inthis domain | 
(Energy balance) 
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7777 ] Diffusion coefficient 
24 


2211 Diffusion coefficient 


T Reaction rate 


шини 


МА “= AM | z:velocity 


| Time-scaling coefficient | ] 


| 


i 

| 

p 

i 

| 

p 

1 

| 

| 

1 

| 

| 

f 

[E] Select by group d 
3: 


- Initial Values 
(Mass balance) cA(t0) = САО 
(Energy balance) T(t0) = TO 


- Boundary Conditions 
@ т = 0, Axial symmetry 
@ inlet, cA = сА0 (for mass balance) 
(for energy balance) 
г r Boundary conditions >< 22-502 


| л Мен ЙН 


| Boundary condition: Heat flux 


e К (isotropic) 
e k (anisotropic) 5 


Library тшеп: 


| | Quantity : Value/Espression Description 
| ар rho*Cp*TO*uz | Inward heat flux 
| US у p. — с sx] Temperature 


| 
i 
| 
| 
| 


@ outlet, Convective flux 


@ wall, Insulation/Symmetry (for mass balance) 


(for energy balance) 
[UH conditions =+ 


| Boundary condition: Heat ar. 22120 


| Quantity Value/Expression Description 

|- др Нил): T к Inward heat flux 

| Tf NM | Temperature 
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ime-scaling coetticient” 
Thermal conductivity :- 


ermal conductivity | 


i 


—— '—Ó€ 


—— 


a о ____—-——_—=о= 


Р14-18 
Vary the Peclet number and the reaction order in laminar flow (Example 14-3(c)) 
Da = kC = L peri 
U, 
Ре-0,1/Б,, 
L = 6.36m 
R = 0.05m 
k =0.25ат? / mol.min 
U, =1.24m/min 


С, = 0.5mol | dm? 


D, =7.6х10 m? / min 


n AE Pe Conversion Parameter 


0.1 1.04x10° / 

Attempt to evaluate non- 1.04x10 / 
integral power of negative 1.04x10? / 
number! 1.04х10% — / 

2 | 1.04х10” 22-22 

0.5 1.04х10 / 

Attempt to evaluate non- / 
integral power of negative 1.04х10° / 
number! Е ) / 


_ 10440 __ 
1.04х107 


1.04x10° 
__1.04х10? 
1.04х10° 
“108107 
1.04х10” 
.. 1.04x10* 
22 104x10? 


0.265 
0.219 
0.218 


1.04x10? 0211 
1.04х10° 0.203 


1.04х107 0.199 
1.04x10 


1.04x10 0.163 
1.04x10 


04x10" 


1.04x10' 


Conversion 


(1) With the increase of the reaction order n, the conversion will decrease. The conversion will also decrease when 


the Peclet number increases. 
(2 When nis less than 1.5 and Pe is 107, the diffusion in the system becomes more important. 


Below show FEMLAB screenshots useful for this problem. 


Femlab Screenshots 
(1) Domain 
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E] Axis:equal 


pz limits: nm phi limis ieee е 


Auto 


“| Coen ШЕ 


(4) Constants and scalar expressions 
- Constants 


22111222 т СИРЕ —— 


- Scalar expressions 


ЕСЕ (ЕГІ 


(5) Subdomain settings 
- Physics 
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cA | int 


“Species” 


1 D isotropic 


- Initial Values 
(Mass balance) cA(t0) = САО 


- Boundary Conditions 
@ r=0, Axial symmetry 
Q inlet, 
- Description 
Concentration 


| № _ | Insward-flux 


@ outlet, Convective flux 
@ wall, Insulation/Symmetry 


P14-19 (a) 
First order reaction 
Input Parameters: 
п=1 

R =0.05т 

L = 6.36m 

К = 0.25/ min 


U, =1.24т / min 
Сао = 0.5mol / dm? 
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Ор anisotropic m 


Time-scaling coefficient | 


| Diffusion coefficient 
| Diffusion coefficient 


Е | Reaction rte 


bu r-velocity 


z-velocity. : 


Dj, =7.6х10° т? / min 


Conversion: 
xA= 0.687 @ Open-vessel Boundary: -Ni'n 22*UO*(1-(r/Ra)^2)*CAO 
xA= 0.726 @ Close-vessel Boundary: -Ni'n =U0*CAO 


Conversion: 
хА= 0.755 @ Open-vessel Boundary: -Ni'n 22*UO*(1-(r/Ra)^2)*CAO 
хА= 0.778 @ Close-vessel Boundary: -Ni'n =00*САО 


I. Variation of Da number 


Damkoóhler number/ Da Conversion Parameter 
Closed-vessel Open-vessel 


0.287 
2*U0 
0.755 00 
0.870 0.862 Ч 
__ 0.930 0.928 
0.964 0.964 


П. Variation of Pe number = 
Peclet number/Pe 


Conversion 


Closed-vessel 


0.781 0.781 
0.781 : 


0.778 


1.04е3 
1.04е4 


III. Femlab Screen Shots 
(1) Domain 


E] Axis equal 


Ї “r-z limits 


| 


(2) Constants and scalar expressions 
- Constants 
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Constants 


- Scalar expressions 


(3) Subdomain settings 
- Physics 


T 


(Mas... 


(Species Pues 

| Library material: ЫШ 
1 Quantity 

5, 


ts 


G) D isotropic 


©) D anisotropic 


— 


1| cancel 
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РИН 


- Initial Values 


(Mass balance) cA(t0) = САО 


- Boundary Conditions 

@ r — 0, Axial symmetry 

@ inlet, Flux № = 2*uO*(1-(r/Ra)^2)*cAO0 : Open-Vessel Boundary 
Flux № = u0*cAO : Close-Vessel Boundary 

@ outlet, Convective flux 

@ wall, Insulation/Symmetry 


(4) Results 
_(Open-vessel Boundary) 


05 


Tee OO ре 


iE 


ж 


ux ——— 942 


|Метогу: (15.3 


(Close-vessel Boundary) 
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-. Мах 0500 1j 


| Miri 00936 


m1/Convection and Diffusion (MassBalance: 


:P14-19 (а) close nf _ 


ELI 


P14-19 (b) 


Third order reaction with К*С? у= 0.7 шиг! 


dec de 
Ра = ЖС = КС! 
U, 
Ре =U,L/D,, 

Input Parameters: 
n=3 
R=0.05m 
L = 6.36m 
k = 2.8dm? / mol.min 
U, =1.24m/min 
С = 0.5mol | dm? 
Ds = 7.6х10° т? / min 
I. Variation of Da number ue > 2 BD 

Damkóhler number/ Da Conversion 

as Closed-vessel Open-vessel 
"10,255 0.381 _ 0.253 
0.51 _ 2 0.466 0.375 

________1,02. 0.560 _ 0.506 

______2:03 . 0.655 — 0.628 

4.06 .— — 0.741 0.730 .— 
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8.12 0.813 0.809 00/4 
16.24 0.867. 0.865 00/8 


П. Variation of Pe number 
Peclet number/Pe 


Conversion Parameter 


Da 
0.645 10% Dag 
0.01* Рав 


Closed-vessel 


(c) Half order reaction with К= 0.495 (mol/dm?)" 2min” 
L 


Da=kC;; = g Са 
0 
Ре-(/,1// О» 
Input Parameters: 
n=1/2 
R=0.05m 
L=6.36m 
k = 0.495(mol / dm? ) ^ min ! 
U, =1.24m/ min 
Сл = 0.5mol | dm? 
D,, 7.6бх107 m? / min 
.I. Variation of Da number 
Damkóhler number/ Da E қ Conversion Parameter 
Closed-vessel Open-vessel 
0.432 8*U0  — 
0.713 2 ы. 
0.959 2*U0 
____| UO 
zd U0/2 
/ U0/4 
/ U0/8 
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(d) The radial conversion profiles for various order of reaction 


(1) First order 
п=1 

L = 6.36m 
К = 0.05m 


k = 0.25dm? / mol.min 
U, =1.24m/min 


Сао = 0.5mol | dm? 
Dj, = 1.6x10? т? / min 


I. Open-vessel: 


08 
07 


0.6 


03 
02 
01 
о 0005 001 0015 002 0025 003 0035 004 0045 005 


r 


Note: 1: zz 1/10; 2: z=3L/10; 3: 2=1/2; 4: z=7L/10; 5: z=9L/10 


II. Closed-vessel: 
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1 1 inq езшш Е goo e жас s 
0 0005 001 0015 002 0025 003 0035 004 0.045 005 
r 


Note: 1: z= L/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 
Something is not correct with z- L/10 because of the FEMLAB! 


(2) Second order 

n=2 

R=0.05m 
L=6.36m 

k =1.4ат? / mol.min 
U, =1.24т / min 
С, = 0.5mol / dm? 


Dy, =7.6х10 m? / min 


I. Open-vessel: 
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ов рее өөрөө? 


07 


06 


04 


03 


02 


0 0005 001 0015 002 0025 003 0035 0.04 0045 005 
r 


Note: 1: z= L/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


II. Closed-vessel: 


cse "UO мн эр 
+ pte Го Бү MT дё i : 


т ы ж 


Хет 


| 3 : : й 5 = 
о 0005 001 0015 002 0025 003 0035 0.04 0.045 005 
r 


Note: 1: z= 1/10; 2: 2=31/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


(3) Third order 
n=3 
R=0.05m 
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L = 6.36m 
k = 2.8dm) | mol. min 
U, =1.24m/ min 


С, = 0.5mol | ат? 
Dy, = 7.6х10° т? / min 


1. Open vessel: 


06 
05 
"EL 


02 


= 


0 0005 001 0015 002 0025 003 0035 0.04 0045 005 
r 


Note: 1: z= L/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


II. Closed- vessel 
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————— 


0 0005 001 0015 002 0025 003 0.035 004 0045 005 
r 


Note: 1: z= L/10; 2: z=3L/10; 3: z=L/2; 4: z=7L/10; 5: z=9L/10 


P14-20 (a) 

Higher Peclet number 

Curve 1 (“сіовег” to the one of an ideal РЕВ) has a higher Peclet number, because the cumulative distribution is more 
concentrated around the mean residence time. 


P14-20 (b) 
Higher dispersion coefficient 
Curve 2 has a higher dispersion coefficient: a higher Peclet number corresponds to a lower dispersion coefficient. 


P14-20 (b) 
Large number of Т-1-5 


Curve 1: Increasing the number of T-I-S corresponds to increase the Peclet Number (i.e. Bo=2(n-1)). 


i — 


P14-21 (a) 
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puel ge m nA 


Уул Ву, 
VjizaV 


V, 

F(t) and E(t) curves for @ = — = 04and В = liem 0.2 
У Vo 

The analytical expression for E (t) is given by: 

ВО t«1, 
EM = -(-т,)/тҙ 
9710-54 E 
7; 


Where: 


mI = ИЛИ mm 
di s (vo -») 1-8», 2 
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0 
Ор 2 4 6 8 10 
Integrating we can obtain the analytical expression for F (t): 
В t< - 
Е()- TW (2) T 
72 
1 
1-(1- Вуе === 
| 
0.5 | 
| 
8=0.2 
J 2 у 
| #2 7 547 4 ы 9 10 
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P14-21 (b) 
Conversion 

2” order, kC,5-0.5min , t=2min 
Balance around node 1 

(1- -p », Coste + ВС, = = vC 
For ће PFR: 

Second-order 


Сло — Сркк -- арак 


ж. Cao 1+ Барк 
a 
Where Da prg = КС i, (A) = 0.5 
1-8) 


КС pre = 0.333 min! 


For the CSTR: 


Corr ~ Ссзтк = (1 + 2Dacsrr ) bt ADacsrg. — 0.268 


X = 
CSTR 
C peg 2 а сету 


-– а 
1-8 
КСств = 0.366 шаш! 

КСА = (1- BKC csp + ВЕС, -0-8) Ссо + ВЕС, = 0.393 min! 


КСло КС, _ 0.214 
КС 4o 


In absence of bypass (В=0) the conversion would be X=0.245 


Х = 


a nena wore te сес... a 
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Two parameters model 
A possible two-parameter model is the PFR with Bypass (v,) and Dead Volume (Vp) 


уы-ВУо 
> үшү 


Where уус шиг, V=2m*, o=V,/V=0.5, B=v,/v,=0.5 and t=V/v,=2min 
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To evaluate the conversion we write a balance around node Топ species А: 
(1 i By, Come + Bv, C, = С, 

РЕВ, 2™ order, liquid phase 

r, = -КС,Сь 

Where k=1.5 m?/(kmol-min) and C4, = C5, = 2mol / dm? 

Со- Срек 522277 


= = 0.857 
C до 1+ Da ррр 


X prr = 


а 
Where Раррр = КС ло = T = 6 


(1-4) 
C РЕВ = С, иж X perl Ao == 0.286mol / dm? 


C, = (L- В)Сь + ВС, = (1– В)Сррв + ЁС, -1.143то!/ dm? 


Х = Са Сл _ 0.429 
A0 
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0.1 
Ей) 

0 
0 10 20 
t (min) 


By definition: [Е (t)dt =1 
0 


01511 


| оф - =1 = 20min 
0 


For a triangular E(t): Һ = то 


The analytical expression for E(t) is given by: 
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Por sreg уг РОЈ 


f 
Fort>t, E(t)=0 


P14-23 (a) 


Mean residence time 


25 t 3 2 711 2 2 
1 Я -0. : : 0.1 01 
р, = |E(t)dt = етра | о аы е: L = —= = 6,67 min 
: 3 "EE 6 


f, | 2 


0 0 


| 1 
(For a triangular E(t): £,, = s ) 


Variance 


а? = [Ey -„) dt = 


"Г 01 27737 тс. 
| -—=+01 Pdt- =| ——+— =] 
д з | 


01, 01 01-20 
= + = 
4 3 12 


Assuming closed-closed system: 7-1, 


– 6.67? = 22.2 min 


P14-23 (b) 


Peclet number 


And Pe, = 0 


P14-23 (c) 


Tanks in series 


т? 
n=— =l 
о 


The triangular E (t) can be interpreted as an approximation for t<<t of a CSTR where the continuity impose E(0)*t=2/3 
instead of 1. 


P14-24 


The F(t) con be representative of a CSTR in parallel with two PFRs: 
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| ний 47 и 
о Үз-гүү d 


уг ус 


nodel 


First order reaction 


Ideal PFR Ideal CSTR 


Ideal laminar Dispersion Tanks in series 


Mixedness 
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